Abstract Anomalous Microwave Emission (AME) is a component of diffuse Galactic radiation observed at frequencies in the range ≈ 10-60 GHz. AME was first detected in 1996 and recognised as an additional component of emission in 1997. Since then, AME has been observed by a range of experiments and in a variety of environments. AME is spatially correlated with far-IR thermal dust emission but cannot be explained by synchrotron or free-free emission mechanisms, and is far in excess of the emission contributed by thermal dust emission with the power-law opacity consistent with the observed emission at sub-mm wavelengths. Polarization observations have shown that AME is very weakly polarized ( 1 %). The most natural explanation for AME is rotational emission from ultra-small dust grains ("spinning dust"), first postulated in 1957.
detected by cosmic microwave background (CMB) experiments and other radio/microwave instruments at frequencies ≈ 10-60 GHz since the mid-1990s (Kogut et al. 1996; Leitch et al. 1997) . It is thought to be due to electric dipole radiation from small spinning dust grains in the interstellar medium (ISM), although the picture is still not clear. The emission forms part of the diffuse Galactic foregrounds that contaminate CMB data in the frequency range ≈ 20-350 GHz, and hence knowledge of their spatial structure and spectral shape can be exploited during CMB component separation (Dunkley et al. 2009a; Bennett et al. 2003; Planck Collaboration et al. 2016b ). Since spinning dust emission depends critically on the dust grain size distribution, the type of dust, and the environmental conditions (e.g., density, temperature, interstellar radiation field), precise measurements of AME can also provide a new window into the ISM, complementing other multi-wavelength tracers.
The first mention of spinning dust grains in the literature was by Erickson (1957) , who proposed this non-thermal emission as a contributor at high radio frequencies (GHz and above). The same basic mechanism of radio emission from rapidly spinning dust grains was also discussed by Hoyle and Wickramasinghe (1970) in the context of converting optical photons from stars into radio/microwave emission. Ferrara and Dettmar (1994) further developed the theory, estimating the contribution from radio-emitting dust in spiral galaxies. These earlier works outlined the basic mechanisms of how small dust grains with finite electric dipole moments can be spun up to high rotational frequencies, thus producing radio emission. They also understood that such emission would predominantly arise at relatively high frequencies. However, it was not until the late 1990s, after when observations detected excess emission at frequencies ≈ 10-60 GHz (Sect. 3), that detailed predictions of spinning dust emission were made by Draine and Lazarian (1998a,b) . The field of AME research then became important, particularly since AME was known to be a significant CMB foreground (Sect. 4). Magnetic dust emission (MDE) on the other hand had not been discussed in the literature until the seminal work of who proposed it as an alternative to spinning dust.
In this article, we provide a comprehensive review the state-of-play of AME research. For a previous review, see and articles within. Section 2 provides an overview of the theory of spinning dust, magnetic dust, and other emission mechanisms that may be contributing to AME. Observations of AME are summarised in Sect. 3. Section 4 discusses AME as a CMB foreground while in Sect. 5 we discuss various methodologies and goals for future research. Concluding remarks are made in Sect. 6. This article is partially an outcome of the discussions atμ L! ✓ Fig. 1 Schematic spinning dust grain, with its permanent electric dipole moment µ, its instantaneous angular velocity ω, and its angular momentum L, about which ω precesses.
the AME workshop 1 held 22-23 June 2016 at ESTEC (Noordwijk, The Netherlands). Previous AME workshops were held at Manchester 2 in 2012 and at Caltech 3 in 2013.
2 Models of Candidate AME Mechanisms
Spinning dust

Basic Theory
A dust grain with electric or magnetic dipole moment µ rotating with angular frequency ω will produce emission according to the Larmor formula P = 2 3 ω 4 µ 2 sin 2 θ c 3 ,
where P is the total power emitted at frequency ν = ω/2π and θ is the angle between ω and µ. A schematic diagram of a single dust grain is shown in Fig. 1 . It is immediately evident that the spinning dust emission spectrum will depend sensitively on the distribution of rotational frequencies attained by the grains as well as their distribution of dipole moments. Indeed, much of the theoretical modelling efforts have been toward accurate calculation of the distribution of rotation rates as a function of grain size and composition in various interstellar environments. A spherical grain of radius a and mass density ρ rotating thermally in gas of temperature T will have a rotational frequency of ω 2π = 21 GHz T 100 K 1/2 ρ 3 g cm −3 −1/2 a 5Å −5/2 . Fig. 2 Spinning dust emissivity curves as a function of frequency for different idealized phases of the interstellar medium (see text). The curves were produced using the SPDUST2 code, with parameters given in Table 2 , which can be compared with the original curves presented by Draine and Lazarian (1998b) . (2) To emit appreciably in the 20-30 GHz range as required to reproduce the observed AME, the grains must be very small, a 1 nm.
Rotational Dynamics
An interstellar dust grain is subject to a number of torques arising from its interactions with the ambient interstellar matter, which can both excite and damp rotation. Collisions with ions and neutral atoms, photon emission, H 2 formation, photoelectric emission, and interaction with the electric fields of passing ions ("plasma drag") have all been identified as contributing to grain rotation. The distribution of grain rotational velocities will generally be non-thermal resulting from the interplay of a number of different excitation and damping processes, including collisions with atoms and ions, and absorption and emission of radiation. Systematic torques (i.e., torques that do not have a time average of zero in grain coordinates), and impulsive torques (i.e., impacts that produce large fractional changes in the grain angular momentum) can be important. Draine and Lazarian (1998b) presented the first comprehensive model of spinning dust emission taking most of these processes into account. For simplicity, they assumed ω 4 = 5/3 ω 2 2 , consistent with a Maxwellian distribution. Recognizing that ultrasmall grains could simultaneously furnish an explanation for AME and the infrared emission bands, they focused their analysis on electric dipole emission from PAHs. Ali-Haïmoud et al. (2009) improved on the treatment of the rotational dynamics by employing the Fokker-Planck equation to compute the angular velocity distribution. Notably, they found significantly less power in the tails of the distribution, particularly toward high values of ω, relative to a Maxwellian. Theoretical emissivity 4 curves, as a function of frequency, can be calculated using the publicly available 5 SPDUST code, written in the Interactive Data Language (IDL) 6 . presented a quantum mechanical analysis of the grain excitation and damping processes, finding good agreement with classical models. Hoang et al. (2010) and Silsbee et al. (2011) further refined models of the rotational dynamics by considering asymmetric grains that rotate about a non-principal axis, incorporating this into the updated SPDUST2 code.
Both studies concluded that this grain "wobbling" could increase both the peak 7 frequency and the emissivity of the spinning dust emission spectrum. Additionally, Hoang et al. (2010) computed the angular velocity distribution via the Langevin equation, which, unlike the approach based on the Fokker-Planck equation, can account for impulsive torques. Subsequent improvements accounting for the effects of irregular grain shapes, stochastic heating, and emissivity enhancements due to compressible turbulence were made by Hoang et al. (2011) . Table 1 lists the most important developments in spinning dust theory and the associated references. Fig. 2 shows spinning dust spectra for various phases (environments) of the interstellar medium: cold neutral medium (CNM), warm neutral medium (WNM), warm ionized medium (WIM), molecular clouds (MC), dark clouds (DC), reflection nebulae (RN), and photo-dissociation regions (PDR). The curves were produced using the SPDUST2 code using the same parameters used by Draine and Lazarian (1998b) for idealized phases of the ISM; these are listed in Table 2 for seven representative environments. These include the gas density n H , gas temperature T , dust temperature T d , strength of the interstellar radiation field χ, and the fraction of molecular hydrogen y, ions of hydrogen x H , and heavier ions x M . Other inputs include the dust size distri- 4 The term "emissivity" is usually defined as how well a body radiates relative to a blackbody. However, in astronomy it is used in a number of situations, including how much radiation is emitted per unit volume (or column density) as in spinning dust emissivity curves. Later, it will be used in the context of the emissivity law of dust grains (how well dust grains emit as a function of frequency) and also in terms of AME emissivities or correlation coefficients (AME brightness relative to various dust templates).
5 http://cosmo.nyu.edu/yacine/spdust/spdust.html 6 http://www.harrisgeospatial.com/ ProductsandTechnology/Software/IDL.aspx 7 The peak frequency strictly depends on whether flux density or brightness temperature is used (they are related by a factor of 1/ν 2 ). For AME, we will typically discuss the peak in flux density units at ≈ 30 GHz. In brightness temperature units the spinning dust spectrum does not have a clear peak; instead it has an inflection point, which turns over at ≈ 16 GHz. Table 1 Key developments in the theory of spinning dust emission with associated references.
Development Reference
First proposal for electric dipole radiation from spinning dust grains Erickson (1957) First full treatment of spinning dust grain theory Draine and Lazarian (1998b Table 2 Environmental parameters for various idealized phases of the ISM, as was done by Draine and Lazarian (1998a) (see text). These parameters were used to produce the emissivity curves in Fig bution and electric dipole moments (amongst others). The spectra can be compared with the original curves presented by Draine and Lazarian (1998b) , which are similar but are slightly different in detail, due to enhancements to the code already mentioned. One can see that a peaked shape spectrum is always produced, but with considerable variations in both emissivity (by almost 2 orders of magnitude) and peak frequency (≈ 30 GHz to over 100 GHz). The strongest signals and higher peak frequencies are typically produced by the densest environments, such as in PDRs and molecular clouds. The physics of spinning dust emission is thus very wellestablished, with numerous mechanisms affecting the rotational velocity distribution of interstellar grains having been worked out in detail (see for example the review by AliHaïmoud 2013). The primary limitation with making a theoretical prediction of the spinning dust spectral energy distribution (SED) is not the current understanding of the various excitation and damping mechanisms, but rather by the unknown sizes, dipole moments, charges, and shapes of ultrasmall interstellar grains.
Line Emission
An interesting consequence of the spinning-PAH model is the possibility of rotational line emission (Ali-Haïmoud
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modes carry only a small fraction of the total radiated energy and their contrast with the underlying continuum is expected to be low (Tielens 2008) , which has impeded their detection so far. UV and optical spectroscopy has also been used to search for specific PAHs through their electronic transitions, which has allowed to set upper bounds on the abundance of a few specific PAHs, but not lead to any unambiguous detection yet (Galazutdinov et al. 2011; Gredel et al. 2011; see however Iglesias-Groth et al. 2008 , 2010 for tentative detections of naphthalene and anthracene towards the Perseus molecular cloud). Rotational spectroscopy is a prime tool in the identification of interstellar molecules and the measurement of their abundances, and has obviously been suggested for interstellar PAHs, though rather timidly (Hudgins, Bauschlicher & Allamandola 2005; Tielens 2008; Hammonds et al. 2011) . To date however, only the bowlshaped corannulene molecule (C 20 H 10 ) has been searched for with this technique, without success (Lovas et al. 2005; Thaddeus 2006; Pilleri et al. 2009 ). The reasons for the scarcity of works using or even suggesting this technique are twofold. First, there could be a large number of PAH molecules and their individual spectra could be lost in the forest of their combined emission. Second, PAHs are large, generally triaxial molecules, unlike the very special polar and symmetric corannulene molecule. One may therefore a priori expect their rotational emission to be complex and diluted over a very large number of weak lines.
Recently, one of us argued that the prospects of rotational spectroscopy of PAHs may not be so bleak (Ali-Haïmoud 2014, hereafter AH14). First, one can reasonably expect that a few highly symmetric and stable 'grand PAHs' could be more fit to survive the harsh ISM conditions and as a result are overabundant (Tielens 2013) . Secondly, even though triaxiality is unavoidable if a planar PAH is to have a permanent dipole moment, the degree of asymmetry need not be large, and the resulting rotational spectrum may still remain relatively simple. In particular, quasi-symmetric nitrogensubstituted PAHs, 1 strongly polar and likely common in the ISM (Hudgins et al. 2005) , ought to have a well-identifiable 'comb'-like Figure 1 . Examples of nitrogen-substituted symmetric PAHs which remain quasi-symmetric after substitution, in the sense that their two smallest moments of inertia differ by less than a few per cent. Such molecules are the target of this search. ν comb indicates the approximate line spacing of their comb-like rotational spectrum (as estimated in AH14).
Figure 2.
Examples of PAHs or derivatives that do not qualify as quasisymmetric, as the fractional difference between any two of their moments of inertia is larger than a few per cent. The rotational spectrum of such large triaxial molecules is complex and diluted among many lines, and we do not attempt to search for them.
assuming the observed AME in Perseus is primarily due to spinning dust emission.
at Raman Resea http://mnras.oxfordjournals.org/ Downloaded from Fig. 3 Examples of two nitrogen-substituted symmetric PAHs that remain quasi-symmetric after substitution, i.e., their two smallest moments-of-inertia differ by less than a few per cent. Such molecules are the target of AME searches. ∆ ν comb indicates the approximate line spacing of their comb-like rotational spectrum. 2014). The rotational quantum numbers of spinning PAHs are typically of order ∼100 (Draine and Lazarian 1998b) , large enough for a classical treatment to be accurate, but small enough for discrete rotational line transitions to be potentially distinguishable. The observability of individual transitions depends on two criteria.
The first criterion is the diversity of PAH species carrying the emission: if a very large number of species are present in small abundances, their individual rotational spectra may be buried in the quasi-continuum total emission. Ali-Haïmoud (2014) argued that it is likely that a few select, highly stable PAH species are more resistant to the harsh ISM conditions, making them over-abundant. This "grandPAH" hypothesis, first put forward by Tielens (2013) , was recently studied more quantitatively by Andrews et al. (2015) . These authors showed that available infrared data suggest that a limited number of compact, highly symmetric PAHs dominate the interstellar PAH family.
The second criterion for the observability of PAH lines is the degree of symmetry of the emitting molecules: large triaxial molecules have complex rotational spectra, with many weak individual transitions, making them impractical for spectroscopic identification. On the other hand, perfectly symmetric PAHs, such as coronene (C 24 H 12 ) or circumcoronene (C 54 H 18 ), which are likely to be among the "grandPAHs", have no permanent dipole moment hence no rotational emission. Ali-Haïmoud (2014) argued that Nitrogen substitution, a process likely to lead to large dipole moments in interstellar PAHs (Hudgins et al. 2005) , breaks the symmetry of the moment-of-inertia matrix by a small enough amount that the rotational spectrum has the appearance of a "comb" of intense lines if observed with a resolution of ∼1 MHz. Fig. 3 shows two possible symmetric PAHs that may be responsible for part of the AME and their approximate line spacing. The spacing of the "teeth" of the comb is inversely proportional to the moment of inertia of the carrier, hence providing a clear discriminative test of individual PAHs. The comb pattern moreover allows for blind searches with matched filtering. Ali-Haïmoud et al. (2015) performed an observational test of this idea by taking a spectrum of the Perseus molecular cloud at 25 GHz, over a 3 GHz bandwidth and with a 0.4 MHz resolution. They matched-filtered the spectrum to search for comb patterns, though did not make a detection, and set upper limits on the abundance of individual PAHs assuming that the AME from Perseus is entirely due to spinning PAHs. A detection of PAH lines would not only be a smoking-gun signature of the spinning PAH hypothesis, but would also provide the long-awaited identification of specific planar PAHs.
Non-PAH Carriers
Each of the aforementioned studies focused on electric dipole emission from PAHs, which are known to be a significant component of interstellar dust due to their prominent mid-infrared features. found no correlation between PAH emission fraction (presumably proportional to PAH abundance) and AME emission fraction (presumably proportional to AME carrier abundance). As a result, there has been interest in other potential carriers of spinning dust emission. The spinning dust theory developed for PAHs is equally applicable to nanoparticles of other compositions that have electric (or magnetic) dipole moments and thus most of the predictions based on models of spinning PAHs hold for other carriers. Hoang and Lazarian (2016a) and Hensley and Draine (2017) considered spinning dust emission arising from the rotation of a magnetic dipole in interstellar iron grains. Both studies concluded that such particles may constitute a portion of the observed AME, but that constraints on the solidphase abundance of interstellar iron preclude a population of such particles large enough to account for the entirety of the observed emission. Rotational emission from nanosilicate grains was considered by Hoang et al. (2016) and Hensley and Draine (2017) , who determined that such grains could account for the entirety of the observed emission without violating other observational constraints provided that the grains have a suitable electric dipole moment.
Polarization
Electric (or magnetic) dipole emission from a single rotating grain is perfectly polarized. Thus, the spinning dust emission spectrum could be highly polarized if the ultrasmall grains, which carry the emission, are substantially aligned. However, the interstellar polarized extinction law is observed to drop rapidly in the UV with decreasing wavelength (e.g., Martin et al. 1999) . Thus, on empirical grounds, it appears that the smallest grains are not systematically aligned, leading to a low level of polarization.
The physics of grain alignment is complex (for a review see e.g., Andersson et al. 2015) . Small grains could attain alignment via paramagnetic relaxation as proposed by Davis and Greenstein (1951) . However, paramagnetic relaxation may be suppressed at high rotation frequencies. Further, argued that thermal flipping prevents ultrasmall grains from achieving suprathermal rotation, and so collisions with gas atoms would destroy this alignment on short timescales. Nevertheless, the very smallest grains with extremely rapid rotation rates could potentially align via "resonance relaxation" in which the rotational splitting of energy levels becomes important (Lazarian and Draine 2000) . If ultrasmall grains are able to align in this way, then spinning dust emission could be polarized at roughly the percent level (Lazarian and Draine 2000) . Hoang et al. (2013) argued that the weak polarization in the 2175Å feature observed along two sightlines towards HD 197770 and HD 147933-4 could be explained with weakly-aligned PAHs, and computed that the corresponding spinning dust emission from those PAHs would have a polarization fraction of 1 % for ν 20 GHz. Hoang and Lazarian (2016a) calculated that iron nanoparticles would be highly aligned with the interstellar magnetic field due to their large magnetic susceptibilities, and that their rotational magnetic dipole radiation could be polarized at the 40-50% level.
Most recently, argued that the quantization of energy levels in ultrasmall grains would dramatically suppress the conversion of rotational kinetic energy to vibrational energy, thereby hindering all alignment processes dependent on this direct conversion. They calculated that spinning dust emission at ν 10 GHz would be negligibly polarized with P 0.0001 % irrespective of the grain composition.
It should be noted that theoretical predictions of dust polarization are generally maximum values. The angle between the line-of-sight and the alignment axis, depolarization due to line-of-sight effects such as changing magnetic field direction, and contamination from other emission sources that may be polarized differently, may all contribute to a reduction of the polarization fraction in real observations. To mitigate some of these effects, it may be useful to compare the observed AME polarization (or upper bounds on it) to the observed thermal dust polarization in the same region-regions with the highest observed polarization fractions for thermal dust emission would likely have the highest spinning dust polarization fractions.
A unique way to test physics of nanoparticle alignment is through the polarization of infrared PAH emission. Theoretical calculations by Hoang (2017) found that, if PAHs are aligned with the magnetic field by paramagnetic resonance mechanism, their mid-IR emission can be polarized at a few percent for the conditions of reflection nebulae. The first detection of polarized PAH emission at 11.3 µm from the MWC 1080 nebula was recently reported by Zhang et al. (2017) . The measured polarization of 1.9 ± 0.2 % is much larger than the value predicted by the models with randomly oriented PAHs. PAH alignment with the magnetic field to ∼ 10 % can successfully reproduce this measurement. Therefore, further theoretical and observational studies in this direction are needed to achieve a convincing conclusion on the polarization of spinning dust.
In summary, if quantum effects suppress dissipation in grains spinning at 10 GHz, as suggested by , the polarization from spinning dust grains is likely to be very small ( 1 %) and difficult to detect. Detailed further observations are required to confirm that this is the case.
Magnetic dust (MDE)
Basic Theory
Most of the interstellar iron resides in dust (Jenkins 2009) , and iron inclusions (see Fig. 5 ) have been observed in both interplanetary dust (Bradley 1994 ) and putative interstellar Fig. 4 Schematic representation of the electron spins within a ferromagnetic grain aligned along some preferred, energy-minimizing direction. Excitations cause the net magnetization to precess about this preferred direction, as illustrated in the animation (electronic version only), eventually relaxing back into alignment with this direction. The precession of the magnetization gives rise to radiation. grains collected in the Solar System (Westphal et al. 2014; Altobelli et al. 2016) . While the chemical form of the iron in interstellar grains is unknown, it is plausible that some is in the form of magnetic materials such as ferromagnetic metallic Fe or ferrimagnetic magnetite (Fe 3 O 4 ) or maghemite (γ-Fe 2 O 3 ). In such materials, the spins of unpaired electrons are spontaneously ordered, giving rise to a net magnetization even in the absence of an applied field. Thermal fluctuations can excite the magnetization away from its preferred, energy-minimizing direction (see Fig. 4 ). As the magnetization precesses and relaxes back to the minimum energy state, radiation is emitted. Unlike spinning dust emission (see Sect. 2.1), the emission is thermal and is not associated with physical rotation of the grain. put forward the first model of thermal magnetic dipole radiation in the context of interstellar dust and as a possible explanation of the AME. They modelled the magnetic response as a damped harmonic os-cillator following Morrish (2001) and noted the possible existence of a resonance feature in the absorption spectrum near 70 GHz, a magnetic analogue of a Fröhlich resonance. They concluded that magnetic materials exhibiting this resonance behaviour could possibly furnish an explanation for the entirety of AME. Draine and Hensley (2013) revisited the dynamics of the magnetic response by employing the phenomenological Gilbert equation (Gilbert 2004) , which explicitly accounts for the precession of the electron spins, to model the time evolution of the magnetization, and resulting magnetic dipole radiation. They found that magnetic grains can produce strong, relatively grey emission from sub-millimetre to millimetre wavelengths and so could account for the apparent excess emission observed in some low-metallicity dwarf galaxies and the Small Magellanic Cloud (SMC) (Draine and Hensley 2012) . Absorption resonances associated with the precession frequency of the magnetization were also predicted between 1-30 GHz, depending on the shape of the grain. In particular, extremely elongated grains (e.g., spheroids with axial ratios greater than 2:1) exhibit resonances at ν 20 GHz, which can more closely mimic the observed AME spectrum.
The magnetic behaviour of materials in the microwave is still poorly understood, and so direct laboratory measurements of the materials of interest in this frequency range would be of great value. We outline several key experimental tests of relevance to AME theory in Section 5.5.
Polarization
The polarization properties of magnetic materials depend strongly on whether they are free-flying grains or whether they are inclusions in larger, non-magnetic grains. and Draine and Hensley (2013) demonstrated that perfectly aligned free-flying iron nanoparticles could achieve polarization fractions of 30 %. Hoang and Lazarian (2016a) calculated the alignment efficiency of magnetic particles as a function of size, finding that large grains (≥ 1 nm) are poorly aligned whereas smaller grains attained high degrees of alignment and could produce emission polarized at up to 10-30 % levels. showed that particles larger than ∼ 2 nm could be partially aligned; if ferromagnetic, thermal emission from such particles could be linearly polarized at the percent level.
In the case of magnetic inclusions within a larger nonmagnetic grain, the polarized emission depends both on the alignment of the grain and on the relative importance of the magnetic dipole emission from the inclusions and the electric dipole emission from the matrix of atoms, which are polarized orthogonally with respect to each other (Draine and Hensley 2013) . For randomly oriented magnetic inclusions in a silicate matrix, Draine and Hensley (2013) found a drop in the polarization fraction beginning at 10 3 GHz (300 µm) and extending to lower frequencies as the magnetic dipole emission becomes comparable to the emission from the silicate material. At low frequencies (∼ 10 GHz), the polarization can even undergo a reversal, provided the magnetic Fe fraction is large enough. Thus, in the frequency range where both magnetic dipole emission and electric dipole emission from the grain are important ( 10-100 GHz), the polarization fraction of the emission is low ( 5%). Hoang and Lazarian (2016b) investigated the alignment efficiency of grains with magnetic inclusions due to radiative torques, finding that the enhanced magnetic susceptibility due to the inclusions enabled the grain to achieve nearly perfect alignment. Thus, the polarization fraction of the emission from large grains with magnetic inclusions is likely limited only by the degree to which the magnetic dipole and electric dipole emission processes are selfcancelling.
Other emission mechanisms?
Although spinning dust and magnetic dust have received the most attention as possible explanations of AME, other mechanisms may still contribute a fraction, or even all, of the observed emission. We now briefly review some of these possibilities.
Thermal emission from interstellar grains can be written as ε(ν)B(ν, T ), where ε(ν) is the emissivity (= 1 for a black-body radiator) and B(ν, T ) is the Planck function for a black-body at temperature T . The emissivity ε(ν) is sometimes approximated as a power-law, ε(ν) ∝ ν β d (see e.g., Draine 2011; Martin et al. 2012) . For spherical grains of radius a and internal density ρ, the emissivity is directly related to the opacity, κ(ν) of the dust grains, via ε(ν) = (4ρa/3)κ(ν). The far-infrared opacity of nanoparticles of amorphous materials is notoriously difficult to both calculate theoretically and measure in the laboratory. As these frequencies are much lower than the known resonances in the UV and optical, it is typically assumed that the opacity should be decreasing as a power-law with κ ∝ ν β d with β d = 2. However, amorphous materials exhibit a range of β d values depending on their composition and temperature (e.g., Agladze et al. 1996) . Current measurements show a range of values depending on environment and nature of the emission, but are typically in the range β d = 1-2, with an average value at high Galactic latitude of β d ≈ 1.6 (Planck Collaboration et al. 2014b ). Given the current limited knowledge of the microwave properties of amorphous materials, it is conceivable that some materials could have an absorption resonance in the vicinity of 30 GHz and thus explain AME via thermal dust emission. However, this seems unlikely and contrived, especially given how well the simple powerlaw model has worked so far, to explain the low-frequency Rayleigh-Jeans (R-J) tail of thermal dust at frequencies above ≈ 100 GHz (e.g., Planck Collaboration et al. 2014b) . Furthermore, there are good theoretical reasons 8 to assume that β d ≥ 1. Jones (2009) suggested that AME could arise from conformational changes in groups of atoms within amorphous, low-temperature grains. If this resonant tunnelling component is associated with sub-micron-sized grains, the AME should show a good correlation with the FIR emission. They argued that the Two Level System model (TLS ; Phillips 1973; Meny et al. 2007 ) of this phenomenon could reproduce the general shape of the AME spectrum. However, upper limits on AME polarization require that any grains with enhanced microwave emissivity be randomly-oriented, whereas observations by Planck show that a substantial fraction of the sub-mm emission from dust comes from grains that are aligned (Planck Collaboration et al. 2015a) . Upper limits on AME polarization are thus not supportive of large grains as the origin of AME. Jones (2009) pointed out an alternative possibility that resonant tunnelling may be associated with stochastically-heated very small grains, since they spend much of their time at low temperatures, where resonant tunnelling becomes important (Meny et al. 2007) . In this case a good correlation of AME with the mid-infrared excess emission (20-60 µm) is expected. Low-temperature laboratory measurements of those materials at microwave frequencies are certainly needed to study the resonant tunnelling of these materials and draw a clear conclusion on this hypothesis.
Free-free emission from warm ionized gas could potentially contribute to excess emission above 10 GHz. Optically thin free-free emission has a well-defined spectrum that is very close to a β = −2.1 (α = −0.1) power-law with very little variation with frequency (Draine 2011) . However, at high gas densities, the gas becomes optically thick at lower frequencies and the spectrum acts like a blackbody with a R-J spectrum (β = 0 or α = +2) i.e., rising spectrum with frequency. This phenomena is well-known, for example, in ultracompact and hypercompact HII regions with densities of 10 6 cm −3 and higher, which can be optically thick up to frequencies of ∼ 15 GHz and higher (Kurtz et al. 1994; Kurtz 2002 Kurtz , 2005 ; see also Dickinson (2013) for a review 8 According to the Kramer-Kronig relations, the real part of the dielectric constant χ of the interstellar medium is connected to an integral of the imaginary part (e.g., Tielens 2010; Draine 2011) as
The left-hand side is proportional to the total volume of interstellar dust (Purcell 1969) , and thus it must be finite. Then if Im(χ) ∝ ν γ−1 for ν → 0, γ must be larger than zero. This can be translated to the index of the emissivity, β d , at low frequencies being larger than unity.
of AME from HII regions. However, this will only occur on small scales (typically arcsec) and along certain lines-ofsight, typically along the Galactic plane. For the majority of sight-lines across the sky, and at lower angular resolution, free-free emission is optically thin above 1 GHz. As a guide, the Orion nebula (M42) is one of the brightest diffuse HII regions, with an angular size of ≈ 5 arcmin and a density of ≈ 10 4 cm −3 and has a turnover frequency of ≈ 1 GHz. Planck Collaboration et al. (2015b) evaluated the contribution of UCHII regions to the flux density as seen by WMAP and Planck on scales of 1 • using IRAS colour ratios and high resolution 5 GHz data from the CORNISH survey (Purcell et al. 2013) . They found that, for most sources in the Galactic plane, the contribution from optically thick freefree emission is minimal. The two best examples of spinning dust, Perseus and Ophiuchus, do not have substantial ongoing high-mass star formation and high resolution observations do not reveal any bright compact sources. Nevertheless, care must be taken to consider optically thick free-free emission when observing compact and dense regions. Similarly, one can obtain a peaked synchrotron spectrum around the frequency of unit optical depth, but this requires extremely high brightness temperatures, T b m e c 2 /k B ∼ 10 10 K. In fact, if the peak is at ≈ 30 GHz, either the magnetic field must be far lower than typical values in the ISM, or T b must be orders of magnitude higher. Given that the observed brightness of AME is of order mK at frequencies ∼ 30 GHz, this would have to be an artefact of extreme beam dilution; but high-resolution radio surveys show that the required population of compact sources peaking at 15-30 GHz does not exist. Nevertheless, AME at high Galactic latitudes is everywhere superposed on the diffuse Galactic synchrotron emission, which at ν > 10 GHz can be fitted as a power-law with β ≈ −3 or α ≈ −1 (e.g., Strong et al. 2011) .
In the frequency range 20-50 GHz where AME contributes significantly to the sky maps made by CMB experiments, in particular WMAP and Planck, synchrotron and AME spectra are usually indistinguishable, since the lowfrequency tail of the AME spectrum is just out of range (see Fig. 6 ). This difficulty can clearly be seen in Fig. 6 , which presents a summary of the separation of diffuse Galactic components on 1 • scales covering 81-93 % of the sky (Planck Collaboration et al. 2016b) . A contributing factor to the degeneracy is that the synchrotron spectrum is not expected to have spatially-uniform spectral index, nor to be exactly a power-law. These are both rather minor effects: although maps of Galactic spectral index (e.g., Reich and Reich 1988; Dickinson et al. 2009b ) can sometimes show rather large variations in spectral index (−2 > β > −3.5) 9 , these are largely due to (i) contamination by free-free emis- sion, especially at low latitudes, and (ii) large uncertainties in the brightness near the minima of the all-sky synchrotron emission, due to uncertainties in the zero level.
Residual variations in synchrotron β where neither of these effects are important are around ±0.2 (e.g., Davies et al. 1996) . The Galactic synchrotron spectrum steepens by about 0.4 between 1 and 10 GHz, but the models of Strong et al. (2011) suggest a return to power-law behaviour above this knee. Although models of the high-frequency AME spectrum are much more strongly curved than synchrotron, this is not a very useful discriminator because both components are rapidly swamped by CMB and thermal dust emission above about 70 GHz. This AME/synchrotron degeneracy accounts for the widely-divergent estimates of the fractional contribution of AME to the Galactic emission in the lowestfrequency WMAP and Planck bands. Nevertheless, the apparent lack of AME polarization (Sect. 3.4) suggests that synchrotron emission cannot account for the majority of AME. In summary, other mechanisms including blackbody, synchrotron, free-free and various forms of thermal dust emission do not appear to be able to explain the majority of the AME. However, they should be considered carefully in case we are mis-understanding the emission mechanisms. Furthermore, they all contribute to the signal at some level, and therefore require accurate removal to accurately constrain AME.
Observations
In this section we briefly review the observational status of AME research. We begin by discussing observational results in intensity (temperature) on large scales (Sect. 3.1), where we mainly focus on data from CMB experiments operating on angular scales typically 1 • . We then move on to targeted observations of specific regions in Sect. 3.2, which are on angular scales typically 1 • . We discuss extragalactic AME separately in Sect. 3.3 and then review current polarization constraints in Sect. 3.4. Section 3.5 presents a summary of the observational constraints and discusses their interpretation.
3.1 AME observations in intensity/temperature on large-scales Until around the mid-1990s, sub-millimetre to centimetre radio emission from the Galaxy was thought to be understood, being a combination of (i) synchrotron radiation from cosmic-ray electrons spiralling in the Galactic magnetic field, (ii) free-free (thermal bremsstrahlung) emission from electrons scattering in warm ionized (T ∼ 10 4 K) gas, and (iii) thermal (vibrational) emission from warm (T ∼ 20 K) dust.
This simple picture has been complicated by mounting evidence for an additional component of emission at frequencies ν ∼10-100 GHz, spatially correlated with dust, but orders of magnitude stronger than any simple extrapolation of the thermal dust spectrum would predict. A widespread, dust-correlated component was detected in the COBE-DMR maps and attributed to a combination of thermal dust and free-free emission (Kogut et al. 1996) . This interpretation could not be confirmed due to the lack of frequency bands and because full-sky Hα maps were still not available at that time.
The dust-correlated component was first discovered to be anomalous (and hence the term "anomalous microwave emission", or AME) by Leitch et al. (1997) at Caltech, who used the Owens Valley Radio Observatory (OVRO) 40-m and 5.5-m telescopes to observe the North Celestial Pole (NCP) region at 14.5 GHz and 32 GHz on angular scales 7-22 arcmin. They detected foreground emission that was spatially correlated with the 100 µm IRAS maps ( Fig. 7) but with a microwave spectral index of β ∼ −2, suggestive of free-free emission. Comparison with Hα maps of the NCP region showed that the observed signal was at least 60 times stronger than predicted free-free levels. Leitch et al. concluded that if it were free-free, it could only be emission from very hot (T e 10 6 K) plasma. This explanation was suggested by the shock morphology of the NCP region but was subsequently shown to require implausibly high energy injection rates (Draine and Lazarian 1998a) .
Since then, "anomalous", dust-correlated emission has been seen in the Galaxy by numerous experiments aiming to detect CMB anisotropies. These include Saskatoon (de Oliveira-Costa et al. 1997) , 19 GHz survey , ACME/SP94 (Hamilton and Ganga 2001) , and Python V (Mukherjee et al. 2003) , amongst others. These analyses largely relied on fitting of foreground templates to maps (Sect. 4), where the AME was extracted using a far-IR dust template, such as the 100 µm IRAS map. By employing multiple spatial templates for the synchrotron (low frequency data), free-free (Hα), thermal dust (FIR/IR) and CMB (the CMB data themselves), the various foreground components can be separated based on their spatial morphology. The results showed a strong, dustcorrelated component of Galactic emission, that could not be easily explained by synchrotron, free-free, thermal dust or CMB radiation. A joint analysis of COBE-DMR and 19 GHz data (Banday et al. 2003 ) provided a high S/N detection of AME through cross-correlation of foreground templates. A joint analysis of Tenerife 10/15 GHz data with WMAP (de Oliveira-Costa et al. 2002 showed the first evidence for a turnover at a frequency ≈ 15 GHz, supporting the spinning dust hypothesis. Fig. 8 shows the SED of diffuse emission in the high-latitude Tenerife "strip", which clearly shows the preference for a flattening and turnover of the spectrum at a frequency ≈ 15 GHz due to the mysterious "foreground X" (AME), which can be explained by spinning dust.
First results from the WMAP team using 1-year data suggested that a harder (flatter spectrum, β ≈ −2.5) component of synchrotron radiation could account for AME (Bennett et al. 2003) . However, their interpretation was different in later releases, where a spinning dust component was considered (e.g., Gold et al. 2011) . Several other results using WMAP data showed further evidence for AME (Lagache 2003; Finkbeiner 2004; Dobler and Finkbeiner 2008) .
A comprehensive study of template fits to WMAP data was made by . They analysed 15 regions, chosen by hand to be dominated by one specific component of either synchrotron/free-free/dust. Fig. 9 shows one of the dust-dominated regions that corresponds to the NCP region where AME was first identified (Fig. 7) . The dust-correlated emission is easily discernible by eye while the other foregrounds (synchrotron traced by 408 MHz data and free-free traced by Hα data) do not correlate strongly with the Kband (22.8 GHz) data. also found that the brightness of the AME per unit thermal dust was remarkably constant (sometimes, confusingly, referred to as "emis- sivity"), with an average value of ≈ 10 µK at 30 GHz per MJy/sr at a wavelength of 100 µm. At 22.8 GHz the emissivity is ≈ 20 µK/(MJy/sr); see Table 3 . This ratio varied by up to a factor of ≈ 2.5 across the sky when not including the Galactic plane, showing the apparent ubiquitous nature of AME, at least at high Galactic latitude. A more detailed work, covering 35 regions, was made by Ghosh et al. (2012) . Miville-Deschênes et al. (2008) used WMAP polarization data to constrain the synchrotron spectral index and therefore separate the Galactic components, again showing a strong dust-correlated AME component.
Other large-scale data have been combined with WMAP data to extend the frequency range and improve component separation. Lu et al. (2012) re-analysed archival CMB data at 8 GHz and showed that an additional component of emission was required to explain the 23 GHz data. COSMOSO-MAS data at 13-17 GHz also showed AME with a peaked spectrum around 22 GHz (Hildebrandt et al. 2007) . Data from the ARCADE2 experiment at 3, 8 and 10 GHz gave a strong preference for an AME component that accounts for 40 ± 10 % of the Galactic plane emission at 23 GHz .
With the release of Planck data (Planck Collaboration et al. 2016a), a more complete picture of the spectrum of diffuse Galactic emission became available, particularly at higher frequencies. As well as the targeted analysis of the Perseus and Ophiuchus clouds (Planck Collaboration et al. 2011c ), a separation of the interstellar medium components by "inversion" (Planck Collaboration et al. 2011a), which utilized multiple tracers including velocity-resolved line emission spectra thus allowing a 3-D separation to be made, showed the need for AME with an amplitude that meant that a substantial fraction (25 ± 5 %) of the Galactic plane emission at 30 GHz was due to AME. A separate study of the Galactic plane components as seen by Planck estimated that ≈ 45 % of the 30 GHz emission could be due to AME (Planck Collaboration et al. 2014c ).
The Planck 2015 results included full-sky maps of AME based on a parametric SED-fitting algorithm (Planck Collaboration et al. 2016b). The fit included two AME components based on models of spinning dust with the SPDUST2 code (Ali-Haïmoud et al. 2009; Silsbee et al. 2011 ), one with a variable peak frequency and one with a fixed peak frequency (33.35 GHz). Two components with different peak frequencies are needed to account for the broadening of the total AME, presumably due to the presence of multiple components along the line-of-sight (which would inevitably broaden the spectrum compared to a single component model). Even using the latest Planck, WMAP, and ancillary data, the separation is known to be far from perfect. Due to degeneracies between parameters, caused by lack of frequency coverage particularly in the range ≈ 5-20 GHz, the data cannot always distinguish between the continuum components. The primary limitation was having to effectively fix the synchrotron spectrum in each pixel, and thus not fully accounting for spectral variations across the sky. Indeed, careful inspection of the component maps shows clear examples of aliasing of power between the various components, such as AME signal leaking into the free-free solution; see Planck Collaboration et al. (2016d) for a detailed discussion. Nevertheless, the same close correlation with dust was observed and with comparable emissivities to previous works. The emissivity defined by the thermal dust optical depth at a wavelength of 250 µm was shown to be more constant than previous estimates based on FIR brightness that was affected by variations in dust temperature (Tibbs et al. 2012b ). The analysis also revealed more tentative evidence for a variable spinning dust peak frequency, where some pixels prefer a higher peak frequency. The peak frequency is typically near 30 GHz (in flux density), while some regions prefer a peak near 40-50 GHz. Such regions, including the California nebula, tend to be bright HII regions where the environment might lead to smaller and more rapidly spinning dust grains (Planck Collaboration et al. 2014d ). However, as already mentioned, this requires independent confirmation given the complexity of component separation, particularly in the Galactic plane where the simple synchrotron spectral model is likely to be insufficient. examined the correlation of AME with the Planck 353 GHz optical depth τ 353 and with total far-infrared radiance R, also estimated from Planck data and analyses. For fixed dust size distribution, spinning dust models predict that AME should closely follow the total dust column (∝ τ 353 ), but be relatively insensitive to variations in the starlight heating rate (∝ R/τ 353 ). Surprisingly, AME is more strongly correlated with R than with τ 353 . The reason for this still remains unclear. combined WISE 12µm observations with R from IRAS and Planck to estimate the PAH abundance, which appears to show regional variations. They found that AME/R showed no correlation with estimated PAH abundance, suggesting that AME may be dominated by a source other than PAHs.
Various maps of Galactic dust emission have been used as spatial templates to both trace and estimate the relative brightness of dust-correlated AME. These include maps from COBE-DIRBE 100-240 µm (Banday et al. 2003) , IRAS/IRIS 12-100 µm (Miville-Deschênes and Lagache 2005; ), combination dust model such as those of Finkbeiner et al. (1999) , dust radiance , and HI (Lagache 2003) amongst others. As discussed by Finkbeiner (2004) , comparisons of the various emissivity values as a function of different tracers and models has been quite confusing. Results based solely on data are easier to compare, such as the brightness in µK (or Jy/sr) per unit of MJy/sr at 100 µm, but are difficult to relate to theory. For example, Tibbs et al. (2012b) demonstrated that in warmer environments, such as HII regions, the 100 µm brightness is not a useful reference for the dust column since it varies dramatically with dust temperature. This may explain why AME in HII regions typically has a much lower (less than half) 100 µm emissivity than diffuse high-latitude emission (Dickinson 2013 ) (see Table 3 ). found that by dividing the 12 µm IRAS map by the intensity of the interstellar radiation field (G 0 ), a better correlation with AME was obtained on large scales, a result which has also been seen on small scales (e.g., Tibbs et al. 2011 Tibbs et al. , 2012a ); see Sect. 3.2.
Alternatively, one can choose physical properties as the AME emissivity reference, such as the column density (e.g., Jy sr −1 cm 2 ), which can (for example) be estimated from the optical depth of thermal dust emission (Planck Collaboration et al. 2014a) , making it easier to compare with theoretical models (as in Fig. 2 ) and each other. As can be seen in Fig. 2 , theoretical models yield values of ∼ 10 −17 Jy sr −1 cm 2 at ≈ 30 GHz, although there is considerable scatter and these models are only indicative. Nevertheless, the observed emissivities are of order this level (e.g., Planck Collaboration et al. 2011c Collaboration et al. , 2014d Collaboration et al. , 2016d Hensley et al. 2015) . As an example, the mean value at high latitudes (|b| > 15 • ) of τ 353 /N H is ≈ 7.3 × 10 −27 cm 2 (Planck Collaboration et al. 2014a) while typical observed AME emissivities are ≈ 8 × 10 6 µK/τ 353 (Table 3) . This corresponds to a brightness per unit column density of ∆ T /N H ∼ 6 × 10 −20 µK cm 2 or 2 × 10 −18 Jy sr −1 cm 2 at 30 GHz, which is of the same order as the theory values. Hensley et al. (2015) discuss that the observed emissivities are typically a few times 10 −18 Jy sr −1 cm 2 , slightly below the reference value, bringing theory and observation into better agreement. In a recent paper looking at the HI-E(B − V ) con-nection (Lenz et al. 2017) , they derived τ 545 /N H = 4.46 × 10 −26 cm 2 . Assuming an emissivity index β = +1.6 (therefore τ 1.6 ) gives 2.0 × 10 −26 cm 2 , which corresponds to an emissivity per τ 353 of 1.5 × 10 8 Jy/sr or 5.4 K, which compares favourably to the observed values ∼ 8 K (Table 3) .
In Table 3 we list a few selected AME emissivities at ≈ 23-33 GHz from the literature using various reference dust templates. It can be seen that diffuse AME emissivities have typical values of ≈ 20 µK/(MJy/sr) at 22.8 GHz relative to the 100 µm brightness (one of the most commonly used dust templates). At 30 GHz values are typically ≈ 6-10 µK/(MJy/sr). A sample of diffuse HII regions have a lower 100 µm emissivity (< 5 µK/(MJy/sr), presumably due to the higher dust temperatures that affects the 100 µm brightness; the lower value for ρ Oph W region is also likely to be due to the warmer dust temperature (Planck Collaboration et al. 2015b ). The AME emissivity relative to the optical depth at 353 GHz is ≈ 8 × 10 6 µK/τ 353 for diffuse high latitude emission but is higher in the Perseus molecular cloud and, in particular, the ρ Oph W molecular cloud by a factor of ≈ 3. We also include the results from correlating with the Planck 545 GHz brightness, IRIS/WISE 12 µm brightness and the total dust radiance, R, all of which have been found to be even more closely correlated with AME (Planck Collaboration et al. 2016d; .
On the other hand, deriving reliable column densities is difficult. First, it is model-dependent, which can make it difficult to make comparisons between different tracers. Thermal dust optical depths have been estimated at several common observing wavelengths, including 100 µm, 250 µm, and more recently with Planck data at 353 GHz (λ = 850 µm). However, like many forms of AME emissivity, it is not straightforward to convert between the various estimates because one has to assume properties for the dust (e.g., temperature, emissivity index), while converting from a brightness at say 100 µm to an optical depth depends on empirical relations, which are known to be non-linear especially over the entire range of brightness/densities observed in the sky (Planck Collaboration et al. 2014a; . Second, observations of compact objects with large beams can result in artificially low values of intensity due to dilution within the beam, resulting in lower effective column densities. An example of this would be the analysis using WMAP/Planck using 2 • diameter apertures (Planck Collaboration et al. 2014d), resulting in effective optical depths at 250 µm 10 (1200 GHz) of τ 250 ∼ 10 −4 , which corresponds to the optical depth at 353 GHz of τ 353 ∼ 10 −5 , which is below what would be expected at low latitude sight-lines 10 In table 3 of Planck Collaboration et al. (2014d) , the thermal dust optical depths at 250 µm are listed as multiplied by 10 5 , when in fact they have been multiplied by 10 4 . This results in all the τ 250 values in their table 3 being a factor 10 too small. Fig. 10 The spectrum of G160.26-18.62 in the Perseus molecular cloud (top) and the residual spectrum showing the spinning dust component (bottom). The spectrum is fitted by components of free-free (orange dashed line), CMB (not visible), thermal dust (dashed cyan line) and spinning dust (green dotted and magenta dot-dashed lines for the atomic and molecular phases, respectively), which peaks at ≈ 30 GHz. The theoretical spectrum is a remarkably good fit to the data with parameters that are physically motivated. Reproduced from Planck Collaboration et al. (2011c).
(τ 353 10 −4 typically). Ultimately, this means that one must be careful when comparing AME emissivities, particularly when using column densities. Trying to convert various observable quantities over a range of environments can lead to large (up to a factor of several) unphysical variations in AME emissivity. Nevertheless, the observed AME emissivities do appear to be the same order of magnitude across various analyses and regions in the sky and the associated column densities (N H ) inferred from spinning dust models are consistent with expectations. We will discuss this further at the end of the next section.
3.2 AME on small ( 1 • ) scales On smaller angular scales, typically on scales of 1 • , a number of dedicated observations have been made to study AME in more detail in specific environments and clouds.
The Green Bank 140ft telescope was used to observe 10 dust clouds at 5, 8, and 10 GHz . Us-ing 1-D scans, a spectrum was estimated from 5 to 10 GHz. They found 8 with negative (falling with increasing frequency) spectral indices and 2 showing a rising spectrum, indicative of spinning dust. The first was the dark cloud LDN1622, which was confirmed later with 31 GHz data from the Cosmic Background Imager (CBI) ). The GBT 100-m telescope was also used to map the peak of the emission at 5 and 14 GHz, constraining the free-free emission and showing a rising spectrum from 14 to 31 GHz . The second source was the HII region LPH201.663+1.643. However, follow-up observations with the CBI at 31 GHz showed no significant excess above the expected free-free level ); unpublished GBT follow-up observations (Doug Finkbeiner, priv. comm.) were also not able to reproduce the initial result. The Green Bank Galactic Plane survey was used to study the diffuse emission from the Galactic plane at 8 and 14 GHz ). When combined with lower frequency data at 2.3 GHz and WMAP 1-year data, a rising spectrum between 8 and 14 GHz provided strong evidence for AME.
One of the most important AME detections was made towards the Perseus molecular cloud by the COSMO-SOMAS experiment on angular scales of ≈ 1 • . Watson et al. (2005) combined COSMOSOMAS data at 11, 13, 17 and 19 GHz, with WMAP data to produce an AME spectrum that closely follows the prediction from spinning dust grains. This was the first time that a clear rise in the spectrum below the peak at ≈ 30 GHz had been seen, which is consistent with expectations for spinning dust. Planck Collaboration et al. (2011c) made a definitive detection by combining these data with Planck data, providing more data points and showing that the R-J tail of thermal dust emission was essentially negligible at frequencies ∼ 30 GHz. More importantly, a physically-motivated spinning dust model, based on knowledge of the environment within the Perseus molecular cloud, provided an excellent fit to the data. Fig. 10 shows the spectrum of G160.26-18.62 on 1 • scales, with synchrotron/free-free/spinning dust/thermal dust components shown. The spinning dust spectrum is a very high S/N detection and is well-fitted by 2 distinct components (low and high density), based on a plausible physical model.
Another important AME region is the ρ Ophiuchus molecular cloud. The first detection was made at 31 GHz with the CBI on arcmin scales, showing strong cm-emission associated with ρ Oph W PDR (Casassus et al. 2008 ). Fig. 11 shows large-scale multi-frequency maps of the region, where AME is clearly evident. Spectral modelling showed that the spinning dust model could comfortably fit the data. A more detailed picture was made with the WMAP and Planck data, which showed that a plausible physical model could easily explain the emission (Planck Collaboration et al. 2011c). Follow-up observations with ATCA (Casassus et al., in prep.) not only confirm the emission but, for the first time, shows a spatial shift of the spinning dust emission with frequency. This might be as expected from the varying dust properties across the PDR but requires detailed modelling. Nevertheless, this is potentially one of the strongest pieces of evidence for the spinning dust explanation.
A number of close-packed, microwave interferometers, operating either at ∼ 15 or ∼ 30 GHz, have been extensively used for AME research. In particular, the CBI at 26-36 GHz (Padin et al. 2002) , the Very Small Array at 26-36 GHz (VSA; Dickinson et al. 2004) , and the Arcminute Microkelvin Imager at 13-18 GHz (AMI; have been used. Although they were primarily designed for CMB studies, their compact configuration resulted in good brightness sensitivities and resolutions of a few arcmin, ideal for AME research. The Combined Array for Research in Millimeter-wave Astronomy at 27-35 GHz (CARMA) has also been used.
Data from the CBI resulted in detections of AME from LDN1622 ) and LDN1621 , ρ Oph W (Casassus et al. 2008) , the HII region RCW175 Tibbs et al. 2012a) , the translucent cloud LDN1780 , and the reflection nebula M78 . The CBI was used to refute the earlier claim of AME in the HII region LPH96 , which was shown to follow a normal optically-thin free-free spectrum. The CBI was also used to survey the brightest 6 HII regions in the southern sky ) and two bright star-forming regions (Demetroullas et al. 2015) , both finding little evidence for AME at 31 GHz. AME studies with the VSA revealed a flattening of the spectrum of the supernova remnant 3C396, which was interpreted as a possible signature of spinning dust. However, Cruciani et al. (2016) made follow-up observations with the Parkes 64-m telescope at 8-19 GHz and combined it with unpublished 31.2 GHz GBT data but found no evidence for AME.
The VSA was used to make a survey of the Galactic plane (l = 27 • -46 • , |b| < 4 • ) at 33 GHz with an angular resolution of 13 arcmin, finding an AME detection in RCW175 and statistical evidence of excess emission from the brightest sources in the sample (Todorović et al. 2010) . The VSA was also used to perform the first detailed morphological analysis of AME in the Perseus cloud at 7 arcmin resolution, identifying five regions of AME ). However, the total flux density of the AME in these five regions accounted for only ∼ 10 % of AME detected on degree angular scales by Planck, implying that the AME in Perseus is coming from a diffuse component of gas/dust and is not concentrated in the five compact regions. their sample of potential new AME candidates. Tibbs et al. (2013a) used the GBT 100-m telescope at 1.4 and 5 GHz to constrain the level of the free-free emission in Perseus on arcmin scales, confirming that the observed 33 GHz VSA data were mostly due to AME.
Several interesting results have come from high angular resolution AMI data, operating in the unique frequency band of 13-18 GHz. A survey of compact HII regions found essentially no evidence of excess emission (Scaife et al. 2008) . Observations of a sample of Lynds clouds resulted in detections in LDN1111 (AMI Consortium et al. 2009 ) and further detections in several more Lynds clouds ). Of these, approximately one third of these were shown to be contaminated by optically thick free-free emission from young stellar objects (Scaife et al. 2010a ). However, LDN1246 shows diffuse emission at 16 GHz on arcmin scales that is closely correlated with 8 µm maps from Spitzer (Scaife et al. 2010a ); Fig. 12 shows the striking correlation, which remains one of the best examples of AME on scales of about an arcmin. Perrott et al. (2013) used AMI to resolve the structure of two Planck AME sources (G107.1+5.2 and G173.6+2.8; Planck Collaboration et al. 2011c), finding a rising spectrum in G107.1+5.2 that is consistent with either AME or emission from an ultra-compact HII region, but with a much lower flux density than Planck, consistent with AME originating on larger angular scales. Perrott et al. MJy/sr Fig. 13 Spitzer colour maps of the G159.6-18.5 region of the Perseus molecular cloud at 8 µm (top) and 24 µm (bottom), overlaid with AMI 16 GHz black linear contours at an angular resolution of ≈ 2 arcmin. There remains a strong correlation between AME and IR emission, with the tightest correlation being with the 24 µm band, suggesting that PAHs might not be responsible for the bulk of the AME in this region.
(2013) found no evidence for AME in G173.6+2.8 on angular scales ≈ 2-10 arcmin, suggesting that the bulk of AME is very diffuse. Recently, a blind survey of Sunyaev-Zoldovich clusters has revealed by accident the first blind detection of AME on scales of an arcmin ). Tibbs et al. (2013b) used AMI to study the AME in the Perseus cloud in even more detail than the VSA, at a resolution of ≈ 2 arcmin, and found that the spatial correlation between AME and IR emission remained strong on these scales, as shown in Fig. 13 . More interesting is that the correlation is visibly stronger with 24 µm emission than it is with 8 µm emission. This might indicate that AME is originating from a population of stochastically heated small interstellar dust grains rather than PAHs, in agreement with the conclusions from the more general analyses by and Hoang et al. (2016) . Although the AME-IR correlation persisted on small scales, the results also indicated that the AME intensity did not correlate with PAH abundance, but rather with the interstellar radiation field, which may be shaping the dust grain size distribution. Using CARMA data at 31 GHz, performed the first search for AME in a sample of dense Galactic cold cores at 2 arcmin angular resolution, finding less AME than expected. The nominal predictions from spinning dust models predicted detectable emission, providing constraints on the size distribution of dust grains and environmental conditions. Fig. 14 shows the SED of one of the sources (ECC189) with the CARMA upper limit at 30 GHz providing an upper limit on the parameter b C , the total number of carbon atoms per H nucleus, which governs the number of small ( 1 nm grains). As discussed by Tibbs et al. (2016) , it is possible to explain these CARMA observations in terms of AME by assuming that the smallest dust grains in the dense cores are coagulating, which decreases the expected level of AME. These observations were the first time that spinning dust modelling had been used to constrain the physical properties of interstellar dust grains such as the abundance of small grains (Tibbs et al. 2016) . A similar attempt was made by comparing high-resolution (1-2.4 arcmin) Parkes radio data with IR data (Battistelli et al. 2015) where astrophysical information was extracted from AME fits of two components, allowing both concentrated and diffuse AME to be distinguished.
A survey of bright Galactic clouds in the Planck data has detected a large number of potential candidates on 1 • scales (Planck Collaboration et al. 2014d ). Out of 98 targets, 42 were found to potentially have excess emission at frequencies ≈ 20-40 GHz, but the difficulty of detection due to overlapping sources, estimating source flux densities in the presence of bright backgrounds and optically thick sources means that some of these are likely to be false AME detections. Nevertheless, these sources tended to have similar properties (such as emissivity, peak frequency, or correlations with other datasets) to known AME sources. The most significant sources tended to be at high latitudes in regions of low free-free emission, often associated with dark clouds. Higher resolution, multi-frequency follow-up observations are needed to confirm and investigate these sources in more detail. A follow-up of some of these sources could be provided at 11, 13, 17, and 19 GHz by the Multi-Frequency Instrument (MFI) of the QUIJOTE experiment (see , for an update on the status of the project). A study of the characterisation of AME toward the Taurus Molecular Cloud Complex is currently under investigation (Poidevin et al., in prep.) with 1 • FWHM resolution smoothed maps obtained at these frequencies.
As discussed in Sect. 3.1, reliable physical emissivities relating the intensity to the gas column density (e.g., in units Jy/sr cm 2 ) are difficult to accurately compare. Nevertheless, a trend has been noticed by several authors that appears to corroborate the spinning dust explanation. compared the emissivities of several clouds observed with the CBI at an angular resolution of ≈ 4-6 arcmin (to reduce bias in the estimation of the average column density) and found an anti-correlation with the gas column density. A similar trend with τ 250 (proxy for column density) was noticed by Planck Collaboration et al. (2014d) and also with dust radiance by .
In Fig. 15 we plot the AME emissivities for a range of objects, including the AME detections of Planck Collaboration et al. (2014d) and upper limits from cold cores by . Note that the different colour points have been measured over different angular scales. For instance, the Planck estimates of N H are mean values over a 2 • diameter aperture, while the CBI points are peak values in a 4 arcmin beam. This produces systematic differences for the measured column density, with the Planck values being typically smaller than the CARMA and CBI ones, even though one might expect them to be in the same range or larger. So we caution that the N H values on Fig. 15 should be strictly read as relative values, only comparable for points measured with the same instrument, and not as the true (average) column density for the cloud studied. Regardless of this, there is a systematic trend that is clearly visible, where for higher column density there is less AME emissivity. However, there is considerable scatter in the data. For example, fitting only the CBI data points gives 11 α = −0.27 ± 0.04, but when removing the ρ Oph data point with higher emissivity (red data point at N H = 5 × 10 22 ) the slopes is −0.34 ± 0.05. The steeper trend (α = −0.54 ± 0.07) found in the Planck data may be due to systematic errors either in the photometry or in the evaluation of N H . Taking this trend to be real, within the spinning dust framework, the observed behaviour can be explained by a change in the dust size distribution with column density. In denser clouds the smallest grains tend to aggregate into larger ones thus reducing the number of small grains available to produce spinning dust emission (e.g., Tibbs et al. 2016) . Indeed, discussed this test as a way to discriminate between rotational emission from spinning dust and bulk magnetic dipole radiation from magnetic dust grains.
Extragalactic AME
The majority of AME detections have come from the interstellar matter and clouds in our Galaxy. Perhaps surprisingly, only a few detections from sources beyond our Galaxy have been made so far. This is partly due to the lack of high precision and high frequency ( 15 GHz) radio data with the required angular resolution. For example, WMAP and Planck data have very poor sensitivity to compact ( 1 arcmin) sources. studied the integrated spectrum of three nearby bright galaxies that were ) and the blue points are 2σ upper limits on AME emission from a sample of Galactic cold cores observed by CARMA (Tibbs et al. 2016) . The yellow point is an average value for cirrus clouds taken from the Leitch et al. (1997) observations of AME at high Galactic latitudes.The lines represent the best-fitting power-laws to the Planck (α = −0.54±0.07) and CBI (α = −0.27±0.04) data, respectively. We did not attempt a fit to the CARMA points as these represent 2σ upper limits. The AME intensity is calculated as the mean intensity over the aperture for the integrated fluxes of the Planck and CARMA sources, while the CBI intensities correspond to the peak value of each source. The column densities for each point are estimated using thermal dust opacities and temperature fits. Systematic errors in this calculation can account for some of the scatter of the points. (2015): 33 GHz emission contours on a Spitzer/IRAC 8 µm image of the face-on spiral galaxy NGC 6946, where the ten contour levels are linearly spaced between the 3σ noise level of 0.048 MJy/sr and 0.48 MJy/sr. The eight regions with significant AME detections are shown in black boxes. Boxes 1, 2, and 3 cover the location of Enuc 4 in Murphy et al. (2010) , where a very significant (7 σ ) AME detection was found.
detected at all WMAP/Planck frequency channels: M82, NGC253 and NGC4945. Almost all other galaxies are significantly weaker at these wavelengths causing flux density measurements between 10 and 300 GHz to be mostly lacking, so that no conclusion on a possible excess can be drawn at this time. They found that the bulk of the emission can be explained by synchrotron, free-free, and thermal dust emissions. No significant contribution of AME was required with upper limits ≈ 1 % at 30 GHz. These limits are marginally consistent with expectations based on the AME emissivity in our own Galaxy. The brightest (ultra)-luminous infrared galaxies Arp220, Mrk231, NGC3690, and NGC6240 do have available data; although they are an order of magnitude weaker, their entire radio to far-infrared spectrum is relatively well-sampled and well-determined. None of these four galaxies shows any indication of AME (Israel, in prep.) . Murphy et al. (2010) observed 10 star-forming regions in the nearby galaxy NGC6946 at Ka-band (33 GHz) with the GBT. They found evidence for several regions having a marginal excess at 33 GHz, with one region (Enuc 4) being very significant (7 σ ). This region appears to emit ≈ 50 % AME at 33 GHz, which was confirmed by follow-up observations with the AMI telescope at 15-18 GHz (Scaife et al. 2010b) . A spinning dust model for the spectrum was preferred over the free-free-only model. For the other star forming regions, the 33 GHz flux appears to be dominated by free-free emission.
Follow-up observations of NGC 6946 with CARMA, at yet higher angular resolution (21 arcsec), revealed additional regions having excess 33 GHz emission attributed to AME (Hensley et al. 2015 , see Fig. 16 ). The strength of the excess emission in these regions was found to be correlated with the total Infrared (IR; 8-1000 µm) luminosity, lending credence to the interpretation as AME. However, no correlation with the dust mass fraction in PAHs was observed. These conclusions are consistent with later results indicating that the dust luminosity, rather than mass in PAHs, correlates more reliably with AME strength. Further, these results suggest that inferences from Galactic AME may extrapolate to extragalactic systems. In particular, measurements of IR luminosity lead to direct predictions of 30 GHz AME in external galaxies, providing an effective means of target selection for follow-up studies.
Excess emission has been detected in the Magellanic clouds. Detections of excess in the Large Magellanic Cloud suggested that the 50-300 GHz excess in the SMC could be explained by spinning dust, but Draine and Hensley (2012) argued that this was inconsistent with physical conditions in the SMC, and that magnetic dipole radiation from magnetic nanoparticles (either inclusions or free-flying) could provide a more natural explanation.
Planck Collaboration et al. (2015b) found a marginal detection of AME from the integrated spectrum of the Andromeda galaxy (M31), at an amplitude of 0.7 ± 0.3 Jy (2.3 σ ). The amplitude is in line with expectations from the emissivity found in our Galaxy. M31 is also the subject of high resolution microwave observations performed with the recently commissioned 64-m Sardinia Radio Telescope (SRT; Prandoni et al. 2017 ); detailed C-band (5.7-7.7 GHz) intensity, spectroscopic, and polarization observations have been conducted over ≈ 7 deg 2 around M31 (Battistelli & Fatigoni, in prep.) and observations are expected in 2019.
The Local group dwarf-spiral galaxy M33 has a welldefined radio to near-infrared spectrum. An in-depth analysis of its flux densities and overall spectrum (Tibbs et al., in prep.) concludes that any AME contribution at 30 GHz is less than ≈ 10% of the total flux density at that frequency, and almost an order of magnitude below the AME contribution expected by scaling the Milky Way results. For a few other dwarf galaxies of Magellanic type, spectra extend into the centimetre range thanks to their compactness. The spectra of Hen 2-10 and NGC4194 are still too poorly sampled to allow a conclusion, but the spectra of 2 Zw 40 and NGC5253, although needing further accurate flux density measurements in the 40-100 GHz range, at least do not yet rule out the presence of AME (Israel, in prep.) .
AME observations in polarization
Extensive effort has been dedicated to the theoretical modelling of the polarization spectrum of spinning and magnetic dust emission (see Sect. 2 and references therein). Different physical conditions, including magnetic field strength, grain temperature, grain shape, size distribution, and alignment between the grain angular momentum and magnetic field direction, lead to different polarization levels and spectra, or even practically null polarization in cases that the quantization of energy levels produces a dramatic decrease of the alignment efficiency, as predicted by . For this reason, a measurement of the polarization of AME, or the determination of stringent upper limits, is potentially a key tool for discriminating between different models, and for obtaining information about the physical parameters associated with AME environments. Note that magnetic dust models predict much higher polarization fractions ( 10 %) than those based on spinning dust ( 1 %). Thus, polarization can in principle be crucial to determine the relative contributions of these two mechanisms, something that is complicated in intensity data due to the presence of multiple components.
Polarization is of course more difficult to observe, because the polarization signal is very weak, and also because AME must be separated in intensity to measure a polarization fraction for the AME component i.e., Π AME = P AME /I AME = P AME /I total . For this reason, observational studies of AME polarization are scarce, and so far they have only led to upper limits. Table 4 , which is an update of table 1 of Rubiño-Martín et al. (2012) , summarises the current constraints. Except for the value from Casassus et al. (2008), here we list constraints on the fractional polarization relative to the AME flux density in intensity (rather than total flux density), which is derived by modelling and subtracting the other components. Note that in Battistelli et al. (2006) and in López-Caraballo et al. (2011) they referenced their polarization fractions relative to the total intensity, while here we quote the values relative to the AME intensity that were calculated by Génova-Santos et al. (2015b) .
Better and more reliable limits on AME polarization come from specific Galactic clouds, which have a bright AME signal without significant contamination from other emission mechanisms. The best targets are the Perseus (specifically the dust shell G159.6-18.5) and ρ Oph molecular clouds, where AME clearly dominates the intensity spectrum at frequencies ≈ 10-50 GHz. Another advantage is that the emission at low frequencies is dominated by optically thin free-free emission, which is much lower than AME at frequencies near 30 GHz and is unpolarized. Also, these clouds are relatively well isolated and away from the Galactic plane, therefore avoiding contamination from diffuse Galactic emission or from nearby compact objects.
López-Caraballo et al. (2011) and obtained 1 % limits on these regions at 23 GHz using WMAP observations. Previously Battistelli et al. (2006) reported in G159.6-18.5 a marginal detection of Π = 3.4 +1.5 −1.9 % (or Π AME = 5.3 +2.5 −3.1 %) using data from the COSMOSOMAS experiment at 11 GHz, which has not yet been confirmed nor ruled out. Génova-Santos et al. (2015b) obtained upper limits in the same frequency range using QUIJOTE data, but they have a larger uncertainty. Reich and Reich (2009) proposed that G159.6-18.5 may be acting as a Faraday Screen, which rotates the polarization angle of background radiation, and this could be potentially contributing to this 11 GHz signal. The other reported detection by Battistelli et al. (2015) towards the HII region RCW175, at a level of 2.2 ± 0.4 %. However, they claim that there could be a significant contribution to the measured polarization from synchrotron emission along the line-of-sight, making this effectively an upper limit of < 2.6 %. Other upper limits come from well-studied regions in total intensity, like the Lynds dark cloud LDN1622. Although they are more difficult to obtain due to the weakness of the signal, some upper limits associated with the diffuse AME emission have also been derived, using either the full sky (Kogut et al. 2007; Macellari et al. 2011) or extended regions (Planck Collaboration et al. 2016d) . Note that Planck Collaboration et al. (2016d) obtained a detection in the Pegasus region (Π = 9 ± 2 %), but suggested that it was likely contaminated by polarized synchrotron emission.
More stringent upper limits on the fractional polarization require more sensitive data, or alternatively AME regions that are brighter in total intensity. The sample of 98 AME sources analysed in Planck Collaboration et al. (2015b) provides a guide to search for good candidates. One of them is the molecular complex W43, which has an AME peak flux eight times higher than G159.6-18.5, although in this case the level of free-free emission is as high as the AME in the relevant frequency range. Using a multi-frequency analysis combining QUIJOTE, WMAP and Planck, Génova-Santos et al. (2017) have provided the best upper limits obtained so far: < 0.22 % at 41 GHz, from WMAP data, and < 0.39 % at 17 GHz from QUIJOTE data. Génova-Santos et al. (2017) claim that the free-free level has been determined with an accuracy of around 20 % thanks to the use of low-frequency continuum and radio-recombination line data.
The constraints summarized in Table 4 are compared in Fig. 17 with various theoretical predictions for the polarization fraction of the spinning dust (Lazarian and Draine 2000; Hoang et al. 2013 Hoang et al. , 2016 and magnetic dust emissions Draine and Hensley 2013; Hoang et al. 2016) . 2017), and depicts the same theoretical models (in the previous references predictions for different physical conditions of the AME environment than those adopted in Fig. 17 are also provided).
It can be seen that many of the upper limits fall well below early predictions of polarization for the spinning dust models. However, it must be taken into account that the models of Lazarian and Draine (2000) and Hoang et al. (2013) give, in practice, upper limits on the real spinning dust polarization due to various depolarization effects (see e.g., Génova-Santos et al. 2015b ). Most of the previous constraints have been obtained at angular resolutions of ∼ 1 • , so a detection of polarization would require coherence of the magnetic field over these angular scales. Similarly, a decrease of the observed polarization could be produced by the combination of different emission mechanisms along the same line-of-sight with different polarization directions. Furthermore, the observations could be affected by instrumental systematic effects, or artificially lower by depolarization, such as multiple components within a single beam ("beam depolarization"). concluded that quantization of energy levels in very small grains effectively suppresses alignment in nanoparticles that are small enough to spin at ≈ 20-40 GHz, leading to negligible polarization levels. In that case, only grains > 30Å could produce polarized emission at a level comparable to the best upper limits represented in Fig. 17 . Models predict the magnetic dust emission to have even higher polarization degrees, and therefore those models are also inconsistent with the measurements. However, several assumptions have been adopted while deriving some of these theoretical predictions, in particular: perfect alignment between the grain angular momentum and the magnetic field, magnetic field parallel to the plane of the sky, or dust grains ordered in a single magnetic domain . If any of these hypotheses does not hold the real polarization degree may be lower. For certain extreme models -e.g., perfectly aligned grains consisting of a single ferromagnetic domain -the magnetic dipole thermal emission can be strongly polarized (Draine and Hensley 2013) , but these extreme assumptions seem unlikely to be realized even if some or all of the AME is thermal emission from ferromagnetic materials. Thermal emission from silicate grains containing randomly-oriented magnetic inclusions is predicted to have only a small degree of polarization in the 20-40 GHz region (see fig. 10 of Draine and Hensley 2013) .
Given the abundance of free parameters (mainly related with the geometry of the grains and magnetic field, and with the physical conditions of the environment) and possible unaccounted effects (for instance, quantum suppression of the dissipation required to produce alignment) in the models, there may be multiple models consistent with any upper limit derived from the observations. However, have made the strong prediction that spinning dust emission should be unpolarized, so if AME polarization is detected, this would either require a non-spinning dust origin, or invalidate the physical arguments for quantum suppression of dissipation. For this reason, it is important to increase the angular resolution of the observations, to improve the quality of the data, and the analysis techniques, in order to try to eventually reach a detection of the polarization of AME at different frequencies. This would be important not only for constraining spinning/magnetic dust models, but also for characterising foregrounds for future high-sensitivity measurements of the CMB. The horizontal lines around each data point represent the bandwidth of the corresponding detector. We have used different colours for each object and reference (see Table 4 ), and different symbols for each experiment, as indicated in the legend on top. In some cases, where there are many points at the same frequency (as for WMAP and CBI), for the sake of clarity, we have shifted the central frequencies in the plot. If the quantum suppression mechanism described by is in effect then the polarization fraction would be 0.0001 %. Table 4 Summary of AME polarization fraction constraints, (P/I AME ) × 100. The horizontal line separates measurements on individual nonresolved Galactic objects and on large regions of the sky. Columns 1 to 3 indicate the name of the object or region, the experiment from which the data were taken and its angular resolution, respectively. The next four columns show the constraints in different frequency ranges. Here, upper limits are referred to the 95% confidence level. The last column provides the reference. This is an updated version of 
Summary of Observational Constraints and Discussion
The first topic of discussion is simply, is AME real? i.e., is AME really a new component of emission such as spinning or magnetic dust, or is it our lack of understanding of synchrotron/free-free/thermal dust/CMB emissions? For several years after the initial detection (Leitch et al. 1997) , there was much debate whether AME was in fact real. Indeed in the first WMAP data release, the WMAP team discussed foregrounds extensively (Bennett et al. 2003) . The possibility of spinning/magnetic dust was considered, yet the discussion largely rejected such alternatives. Instead, they believed that a harder (flatter spectrum) component of synchrotron emission, which was not traced by low-frequency radio surveys, was the most likely explanation for the excess. The correlation with dust was explained by the fact that hard synchrotron would be correlated with star-formation due to energy injection, which would be close to molecular clouds, and therefore dust emission. This model would also explain the flatter spectrum (β ≈ −2.2) at frequencies ≈ 15 GHz but steepening to ≈ −3.0 at 30 GHz and above. At high Galactic latitudes, there appears to be no evidence for a significantly flatter component of synchrotron emission (e.g., MivilleDeschênes et al. 2008; , except possibly from the Galactic centre region (Planck Collaboration et al. 2013) and at low Galactic latitude (Fuskeland et al. 2014 ); a template-fitting analysis of WMAP data using the 2.3 GHz southern sky survey (Peel et al. 2012) showed that the AME was robust to using different radio templates.
In the early AME detections, there was concern that freefree emission could be responsible. The optical recombination line Hα is a tracer of warm ionized gas and therefore radio free-free emission, with little dependence on electron temperature for the temperatures 3000 < T e < 15000 K expected for photoionized gas . Earlier observations of Hα had already indicated that the free-free emission could only account for a small fraction of the total foreground signal (Gaustad et al. 1996; Leitch et al. 1997 ). Full-sky Hα maps Finkbeiner 2003) became available and quickly ruled out traditional free-free emission (e.g., Banday et al. 2003; . Optically thick free-free emission could be contributing to the AME signal along some sight-lines, but, in general, is not a major contributor at frequencies ≈ 30 GHz and on scales of ≈ 1 • (e.g., Planck Collaboration et al. 2016d).
The major break-through came with the detection of AME from Galactic molecular clouds -the Perseus G159.6-18.5 region (Watson et al. 2005 ) and the ρ Oph W (Casassus et al. 2008) . Both these sources contained strong dustcorrelated emission that was clearly well in excess of the expected synchrotron and free-free intensity levels. There was still some doubt about the extrapolation of the thermal dust tail from higher frequencies. However, the early results paper from Planck (Planck Collaboration et al. 2011c) showed the peaked spectrum expected from spinning dust (on both sides), providing definitive evidence for the reality of AME, and consistent with predictions for spinning dust (see Sect. 2.1).
The large body of evidence for excess emission at frequencies ≈ 10-60 GHz is now difficult to refute. The recent Planck component separation analysis included spinning dust, which used a spectral parametric fitting code to fit each pixel seperately (Planck Collaboration et al. 2016c ). They found a strong component that was correlated with dust even though this was not assumed in the analysis. Fig. 6 presents a summary of the separation on large angular scales (81-93 % coverage). In this particular model, the AME is represented by a 2-component spinning dust model, which dominates the foreground emission near 20 GHz. Although the details of the separation could be in doubt (e.g., due to the fixed synchrotron spectrum) it appears to be clear that AME (modelled as spinning dust in this case) is a significant fraction (of order half) of the total foreground signal at frequencies ≈ 20-40 GHz.
One potential issue relates to the absolute calibration of large-scale radio maps. Large-scale radio data, up to now, have often been taken with large radio dishes working as a total-power radiometer. The illumination of the dish is such that a significant amount of the power response of the telescope is outside of the main beam, resulting in a scaledependent calibration that is difficult to account for (see Du et al. 2016 , for a detailed discussion). For many of the largescale radio surveys, this has resulted in a calibration scale that can be incorrect by up to tens of per cent when comparing compact sources with large-scale emission over many degrees (e.g., Jonas et al. 1998) . The end result is that largescale emission on scales of 1 • and larger will be enhanced relative to compact sources (which are typically used for calibration). A simple extrapolation from low to high frequencies could then yield excess emission at the higher frequencies by a similar fraction i.e. a few tens of %, which is indeed what is observed. Given this, it is difficult to account for the ubiquity of AME, even when not relying on low frequency radio maps. A number of studies have relied on such data while others have not. Furthermore, some AME sources show effectively no signal at all at low frequencies, such as ρ Oph W.
The origin of the diffuse AME found at high Galactic latitudes is still not completely settled. Although spinning dust can readily account for the bulk of the AME (e.g., Planck Collaboration et al. 2016b), other emission mechanisms could be contributing at some level (Sect. 2.3). Magnetic dipole radiation from fluctuations in dust grain magnetization could be significant Draine and Hensley 2013; , although upper limits on AME polarization Macellari et al. 2011; Rubiño-Martín et al. 2012) appear to indicate that this does not account for the bulk of the signal. Similarly, a harder (flatter spectrum) component of synchrotron radiation may also be responsible for part of the AME at high latitudes, as proposed by Bennett et al. (2003) in the original WMAP data release. The harder spectrum would naturally explain the correlation with dust, since both are related to the process of star-formation. Furthermore, we already know that there are regions that have synchrotron spectral indices that are at β ≈ −2.5 or flatter, both from supernova remnants (Onić 2013) as well as more diffuse regions such as the WMAP/Planck haze (Finkbeiner 2004; Planck Collaboration et al. 2013) .
A contribution of harder synchrotron component may have been missed when applying component separation methods to microwave data. The majority of AME detections from fluctuations at high Galactic latitudes have been made using the "template fitting" technique, i.e., fitting multiple templates for each foreground component to CMB data, accounting for CMB fluctuations and noise (Kogut et al. 1996; Banday et al. 2003) . The synchrotron template is traditionally the 408 MHz all-sky map (Haslam et al. 1982) , or other low frequency template. However, data at these frequencies will naturally be sensitive to the softer (steeper spectrum) synchrotron emission, which has a temperature spectral index β ≈ −3.0 Kogut et al. 2007; Dunkley et al. 2009b; Gold et al. 2011) . This leads to a significant AME signal at ≈10-60 GHz that is correlated with FIR templates, which cannot be accounted for by the R-J tail of dust emission. Peel et al. (2012) used the 2.3 GHz Southern-sky survey of Jonas et al. (1998) as a synchrotron template for the WMAP data and found that the dust-correlated AME component changed by only ≈ 7 %, compared to using the 408 MHz template. This suggests that the bulk of the diffuse high latitude synchrotron emission is indeed steep (β ≈ −3.0), resulting in little change to the AME at 20-40 GHz. New data from C-BASS at 5 GHz (Dickinson et al., in prep.) have shown that synchrotron emission in the NCP region is not a major contributor to AME at 20-40 GHz and that the synchrotron emission follows a power-law with β = −2.9, from 408 MHz all the way to tens of GHz. If this is true for the entire sky, then synchrotron emission cannot explain the bulk of AME at high latitudes.
Recent works have also cast doubt on the spinning dust interpretation. A number of works have found that the smallscale morphology within AME regions does not always correlate with tracers of PAHs and/or the smallest grains (e.g., Tibbs et al. 2011 Tibbs et al. , 2012a Tibbs et al. , 2013b and, in some cases, it even tends to correlate better with far-IR/sub-mm wavelengths (e.g., Planck Collaboration et al. 2016d ). More striking is that spatial variations in the PAH abundance appear to have no correlation with variations in the ratio of AME/R (Hensley et al. 2016), whereas a correlation was expected if AME is produced by spinning PAHs. This may indicate that the PAHs have small dipole moments, so that AME is dominated by non-PAH nanoparticles, which could be as abundant as the PAHs, but which might have suitable dipole moments. Hoang et al. (2016) showed that small silicate grains could reproduce the observed AME, and demonstrated that nanosilicates could reproduce the AME without violating observational constraints on the mid-IR emission spectrum of diffuse clouds.
The lack of correlation with PAH abundance is surprising, especially because variations in PAH abundance might be expected to correlate with variations in the abundance of other nanoparticles such as nanosilicates. Nevertheless, spinning dust still appears to be the most likely of the proposed emission mechanisms, particularly given the increasingly stringent upper limits on AME polarization. Bernstein et al. (2017) have suggested that each of the unidentified infrared (UIR) bands may be due to rotational structure from one or two relatively small molecules (i.e., less than 30 C atoms). In contrast, the PAH paradigm attributes the UIR bands to the blending of narrow spectral profiles from many (30 or more), much larger molecules (50 or more C atoms). Bernstein et al. (2017) demonstrated that the 11.2 µm UIR band profiles from multiple sources can be plausibly modelled as a vibration-rotation band of a small fullerene, C 24 . If valid, this model offers a possible explanation for the lack of observed correlation between AME and some of the UIR features (e.g., . C 24 has no dipole moment and therefore cannot produce pure rotational emission (i.e., no AME). Furthermore, it is not clear that the abundance of C 24 should be proportional to (i.e., a tracer for) the PAH abundance. The implication is that the observed lack of correlation does not exclude PAHs as a major source of AME.
4 AME as a CMB Foreground AME has been demonstrated to be a significant component of the diffuse foreground emission at frequencies ≈ 10-60 GHz. Some analyses put AME as the dominant foreground in this frequency range, accounting for perhaps half of the total emission (e.g., Planck Collaboration et al. 2016b) . It is therefore clear that AME is a major foreground for studying the CMB. Yet, CMB studies in intensity appear to not be limited by foregrounds (e.g., Dunkley et al. 2009a; Bennett et al. 2013; Planck Collaboration et al. 2016b ), even though we know so little about AME. The question is how do we know that AME is not an issue? (2016b) . The brightness temperature r.m.s. against frequency, on angular scales of 40 arcmin, is plotted for each component; this figure is the same as Fig. 6 but for polarized emission. For this case, the width of the curves represents the spread when using 73 % and 93 % of the sky. The approximate maximum amplitude from AME polarization (assuming 1% upper limit) at 30 GHz is indicated by the downward arrow.
There are two main reasons why AME does not appear to be a major problem for CMB studies. The first is that the spectrum of AME is so different from that of the CMB. AME has a steeply falling spectrum above ≈ 20 GHz, while the CMB is flat (in brightness temperature units). The high frequency part of the AME spectrum may be similar to that of synchrotron radiation and thus fitting for a single powerlaw in the WMAP data accounts for the bulk of the foreground emission (e.g., Dickinson et al. 2009b; Planck Collaboration et al. 2014e) . The second reason is that because AME is so closely correlated with far-IR data, spatial templates can be used to account for most of the foreground emission, such as those used in producing the foregroundreduced maps from WMAP (e.g., Bennett et al. 2003 Bennett et al. , 2013 . Thus, both spatially and spectrally, AME can be relatively easily separated from the CMB, down to levels set by cosmic variance (Planck Collaboration et al. 2016b) . Nevertheless, as CMB data become more sensitive on small scales (large scales are limited by cosmic variance), dust-correlated emission will need to be removed with higher precision.
In polarization and on large angular scales ( 1 • ), the highly polarized synchrotron and thermal dust foregrounds are brighter than the CMB anisotropies over much of the sky and all frequencies. Fig. 18 depicts the average amplitude of polarized foregrounds relative to that of the total CMB polarization. The strongest polarized foregrounds are synchrotron radiation at low frequencies and thermal dust emission at high ( 100 GHz) frequencies. Fortunately, AME appears to be weakly (possibly negligibly) polarized (Sect. 2.1 & Sect. 3.4) and may not be a major foreground for future CMB studies; Fig. 17 shows the latest observational constraints, which nearly all are consistent with a polarization fraction of 1%. In Fig. 18 we indicate the approximate upper limit on AME polarization assuming 1% polarization fraction. It can be seen that AME is below the level of the CMB at 30 GHz and at higher frequencies will likely be much lower because of the falling spinning dust spectrum.
However, one of the major aims of current and future CMB experiments is to measure the stochastic background of gravitational waves that are a prediction of many models of inflation. This is possible with CMB polarization because these fluctuations are the only natural way to create "B-modes" on scales of a degree and larger, with an amplitude known as the tensor-to-scalar ratio, r (Seljak and Zaldarriaga 1997; Kamionkowski et al. 1997 ). Current constraints are at the level of r < 0.07 (BICEP2 Collaboration et al. 2016) and are continuing to improve. The B-mode fluctuations at this level correspond to ∼ 0.1 µK in brightness temperature but could be much lower than this. For Planck sensitivity levels, a 1 % polarization fraction for AME has negligible impact on the recovery of the tensor-to-scalar ratio, r (Armitage-Caplan et al. 2012). Nevertheless, even a small amount of AME polarization could be problematic for component separation with future ultra-high sensitivity data that aim to constrain the tensor-to-scalar ratio at the level r ∼ 10 −3 or even lower (Remazeilles et al. 2016 (Remazeilles et al. , 2017 Alonso et al. 2017) . Careful consideration of all foregrounds will be critical to achieve this level of sensitivity, including any potential spinning and magnetic dust components.
Although AME has been modelled as a single (or double) component of spinning dust, most analyses tend to reveal a residual excess at higher (> 50 GHz) frequencies (Planck Collaboration et al. 2015c ). This may well be a consequence of incorrect modelling, especially since a typical spectral model for spinning dust is computed for one set of parameters; an example would be a single run of the SP-DUST2 code, corresponding to a single component of spinning dust grains. In reality, there will be a distribution of dust grains and environments along the line-of-sight, which will inevitably broaden the spectrum compared to that of a single component. Indeed, this was the reasoning behind fitting for a 2-component model in the Planck 2015 results (Planck Collaboration et al. 2016b) . It is possible that the higher frequency residuals are due to another component such as MDE, which could be more strongly polarized. Indeed, there are already hints in the Planck data that MDE might be contributing at frequencies ∼ 100 GHz (Planck Collaboration et al. 2015c) .
In summary, AME does not appear to be a major limitation for CMB studies so far. In many ways, nature has been kind to cosmologists. If all AME can be explained by spinning dust, it will probably not be a major foreground even for future CMB polarization missions. However, a highly polarized component (e.g. MDE) contributing to higher frequencies (> 50 GHz) could be problematic. It is also worth noting that on degree scales, the frequency at which foreground fluctuations are at a minimum is ≈ 70 GHz, which is not far from the peak of where spinning dust emits. For cosmologists wishing to make simulations to test their analyses, we suggest using maps of the thermal dust optical depth at 353 GHz (τ 353 ) at an angular resolution of 5 arcmin from Planck (e.g., Planck Collaboration et al. 2016f) as a simple model for AME. At 30 GHz, a multiplying factor of ≈ 8 × 10 6 µK/τ 353 can be used and a SPDUST2 spectrum (e.g., Planck Collaboration et al. 2016b) to give a reasonably realistic sky model. Other alternative templates include the Planck 545 GHz map or the total dust radiance also from Planck using the coefficients given in Table 3 . For polarization simulations, assuming a ≈ 1 % average polarization fraction should provide conservative estimates of any potential AME contamination.
5 Methodology for future AME research AME research has been progressing steadily since its initial detections (Kogut et al. 1996; Leitch et al. 1997 ). Nevertheless, after 2 decades, we are still not sure about the exact emission mechanism responsible, and with only a handful of reliable detections. We are even further away from using the spinning dust intensity and spectrum as a tool for studying the interstellar dust distribution and environment. So the question is where do we go from here?
There are several possible approaches. Certainly more accurate multi-frequency data (see Sect. 5.3) are required to make progress in AME research. In particular, the frequency coverage and quality of low frequency (few GHz up to ≈ 20 GHz) data is a major limitation. This will allow accurate spectra to be produced to more precisely discern the physics of the emission. High angular resolution (∼arcmin or better) data are required to study Galactic clouds and external galaxies in detail. More sophisticated analysis techniques are also needed. Photometric techniques are often susceptible to systematic errors, particularly for diffuse clouds. For example, aperture photometry is a well established technique, but can be problematic for diffuse sources where the background level is difficult to define and measure (Planck Collaboration et al. 2014d) . Component separation techniques can also be improved upon, to better remove non-AME emission such as synchrotron, free-free, thermal dust and CMB. More high quality data would provide more AME detections for deriving statistics (e.g., emissivity, peak frequency, correlations), which would inform us about the properties of AME.
To date, most of the detections of AME have been made focusing on individual regions, with only a handful of studies focusing on larger samples of AME regions including HII regions Scaife et al. 2008) , Lynds dark clouds ), diffuse clouds (Planck Collaboration et al. 2014d), and cold cores . Going forward, this approach would ideally continue as a homogeneous sample of AME detections observed with the same telescope of the same environmental conditions enables us to make accurate comparisons of the AME. Although practically this may not be possible, a more homogeneous approach would mitigate against some systematic errors and potentially provide information on the effect of environmental conditions. Even if unbiased and complete surveys are not possible, selection effects should be considered when drawing statistical conclusions.
A more focused approach is required if we are to answer specific scientific questions and provide a "smoking gun" for spinning dust and/or magnetic dust emissions. Specifically, we should have testable predictions that observations can either prove or disprove. These would ideally begin with a theoretical prediction that can be tested by observations (see Sect. 5.1 and Sect. 5.5).
Although most observations of AME have been successfully fitted with a spinning dust model, the large number of parameters in the model mean that it is very difficult to test it in this manner. Therefore, to actually test the spinning dust model, we need to look at relative changes. For example, the spinning dust model predicts that, when other parameters are fixed, the amplitude and peak frequency of the spinning dust emission will increase with increasing gas density. Therefore, by observing a sample of regions covering a range of densities (e.g., cold cores), we can test this simple prediction. However, other parameters, such as the size distribution, will also be density-dependent, so it will not be easy to find ways to clearly test the predictions of spinning dust theory.
In summary, the optimal strategy that will allow moving forward with AME research is a combination of the following:
1. A set of observables and clear predictions from models, allowing to bridge the gap between theory and observations; 2. Systematic observations of statistically representative samples of astrophysical classes of sources (e.g., PDRs, cold cores, nearby galaxies) that allow investigating correlations between AME (e.g., peak intensity, peak frequency) and quantities that regulate the physics of the observed sources (e.g., radiation field intensity, density, abundance of dust grains, gas species abundance); 3. Within a given astrophysical class of objects, targeted observations of sources whose properties are well known from prior investigations and for which a plethora of ancillary data exist, thus allowing careful modelling and interpretation of the observations. More details will be provided in the following subsections.
Future Directions for Galactic AME Studies
Observationally, high-density PDRs have proven to be the best targets for the search of AME. As we discussed in Sect. 3.2, to date the most significant AME detections are in the Perseus and ρ Oph molecular clouds, which either host PDRs or are PDR-like in nature (e.g., LDN1622, RCW175). What makes these environments ideal is the combination of high gas densities, charged PAHs, and a moderate radiation field that allows PAHs to survive, i.e., all factors that are conducive to producing spinning dust. Due to the small statistics of confirmed AME sources, the range of physical conditions in PDRs that have been probed so far is still very limited. Future observational work should focus towards expanding the currently available set of PDRs. These types of sources can be regarded as a testbed for verifying a predicted correlation between the AME peak frequency and the total gas ion column density. In particular, high-density PDRs are expected to have a high peak frequency (Draine and Lazarian 1998b; Ali-Haïmoud et al. 2009 ). So far, we have only found mild evidence that the peak frequency can go higher than ∼ 30 GHz, with some regions peaking at ∼ 50 GHz (Planck Collaboration et al. 2014d , 2016d ). An experiment that would allow testing the model prediction would entail executing pointed observation of a face-on PDR in which each pointing position would probe increasingly higher densities within the photodissociation front. If the spectral energy distributions at each pointing position showed a separation in peak frequencies, this would be a strong confirmation of the spinning dust model; modelling of the observed spatial variations of AME with frequency in the ρ Oph W PDR (Casassus et al., in prep. ) might yield such a result.
Similar to PDRs are Reflection Nebulae (RN), although, in this case, the UV flux generated by nearby stars is generally less intense. An example of an AME detection in this category is represented by M78 (Sect. 3.2). Hoang et al. (2010) estimate that in RNs, due to fast internal relaxation, the peak emissivity and peak frequency of spinning dust are increased, respectively, by a factor ∼ 4 and 2. These predictions still require adequate observational vetting.
Another class of astrophysical sources that appear to be promising for studies of AME are cold molecular cores. In general terms, cores are interesting environments to explore as high densities (typically n H > 10 3 cm −3 ) make spinning dust more likely. In addition, as noted in Sect. 3.2, coagulation of dust particles is known to occur inside cold (T 15 K) cores, as a consequence of high density, and for such a scenario clear theoretical predictions have been formulated, which can be tested. One caveat to consider, though, is the fact that many molecular cores are forming stars, and thus are found to be associated with Young Stellar Objects (YSOs). Depending on the evolutionary stage and inclination with respect to the observer's line-of-sight, YSOs can be relatively strong sources of cm radiation. Observing cores is facilitated by the large inventories that were recently made available, for the Galactic population, such as the surveys by Planck (Planck Collaboration et al. 2011d and Herschel (Juvela et al. 2010; André et al. 2010) . Tibbs et al. ( , 2016 observed a sample of cold cores with a range of densities (5 × 10 3 < n H < 120 × 10 3 H cm −3 ) and found a lack of AME, which could be explained if AME is produced by the smallest dust grains, which are depleted due to coagulation in these dense environments. As in the case of PDRs, a more complete systematic investigation of the presence of AME in cores has yet to be conducted, which is an issue that should be addressed by future observational work (larger sample, multi-frequency observations ideally including polarization to rule out MDE). Indeed new observations, such as VLA observations of high-mass star forming region at 5 and 23 GHz (e.g., Rosero et al. 2016 ) that has detected rising emission with frequency (5-25 GHz) in some sources (thought to be from ionized jets), are likely able to be useful for constraining AME, even if they were not originally for that purpose.
While Galactic cold cores are showing very low levels of AME that may be indicative of very small dust grains depletion, still nothing is known about the level of AME associated to YSOs. Radio observations obtained with the Giant Metre Radio Telescope (GMRT; Ainsworth et al. 2016; Coughlan et al. 2017 ) are probing the free-free emission associated with the outflow of T Tau. Any detection of AME associated with such objects in the frequency range 10-60 GHz would be indicative of dust grain evolution and possibly could be used as a star-formation evolution tracer.
While the Warm Ionized Medium (WIM) is included by Draine and Lazarian (1998a) as one of the environments where one might expect to find spinning dust, hot ionized objects with compact support, such as HII regions, may not represent the best targets for shedding light on the nature of this emission. The main reason is that the interior of HII regions is notoriously devoid of dust, especially PAHs and large grains, likely due to radiation pressure drift that causes dust grains to move outwards from the location of the ionizing sources and in the direction of the HII region PDR, or, because they have been destroyed (Draine 2011) . This paradigm, which is supported by a wealth of IR data (Povich et al. 2007; Tibbs et al. 2012a) , holds in particular for very bright HII regions, powered by large OB associations. In this case, the excess of cm emission that is observed could also result from the combined effect of stellar winds and shocks that are generated by the stellar cluster, rather than by spinning dust ). An exception with respect to this picture is represented by older, more diffuse HII re-gions, for which dust depletion in the ionization zone is typically less dramatic and which are not characterized by strong wind nor shock activity.
If the carriers producing AME are magnetically aligned, with angular momenta tending to be parallel to the magnetic field, one could test the predictions for the expected range of polarization fractions provided by some models. Table 5 gives the expected maximum polarization for a small sample of molecular clouds for which averaged magnetic field orientations with respect to the line-of-sight, α, are known (Poidevin et al. 2013, and references therein) . In this example, magnetic dust grains from of Fe with axial ratios 1 : 1.25 : 1.5 are considered. In the case where this dust material was perfectly aligned and the magnetic field direction parallel to the plane-ofsky, Fig. 17 shows that one would expect maximum polarization P MAX varying from 0.09 to 0.12 in the frequency range 10-60 GHz. Once the inclination angle of the mean field is considered one would expect the polarization degree of order the values given in columns 3 and 4 of Table 5, i.e.,
Measured values of the degree of polarization associated to AME in these molecular clouds are lower than expected and this would therefore rule out the magnetic dust model while measured values greater than about 6% would rule out almost all of the ED models displayed in Fig. 17 . Precise polarization measurements will also test the prediction that quantum suppression of dissipation requires that 20-50 GHz spinning dust emission be essentially unpolarized.
The possibility of detecting AME in circumstellar disks around T Tauri (M * < 2 M ) and Herbig Ae/Be (2 M <M * < 10 M ) stars has also emerged, as discussed by Rafikov (2006) . Indeed, while the existence in circumstellar disks of very large, cm-size grains has long been recognized and explained through coagulation, that of PAHs is a discovery of the last ten years or so (Visser et al. 2007) . At the temperatures characteristic of these environments, spinning dust is expected to peak around 30-50 GHz and, if at least 5% of C is locked up in small grains, the AME will be dominant with respect to thermal dust emission for ν < 50 GHz. Broad PAH features have been detected in the pretransitional disk around Herbig Ae star HD169142 (Seok and Li 2016) , which incidentally appears to have an excess of emission at a wavelength of 7 mm (43 GHz) relative to their thermal-dust only model, possibly due to spinning dust.
Future observational investigations of AME may also target dust-producing evolved stars, which could be used to discern the origin of this emission. For example, while there has been no clear detection of magnetised grains around evolved stars, there is some suggestion that they may exist around metal-poor evolved stars (McDonald et al. 2010 (McDonald et al. , 2011 . Alternatively, if PAHs are the carrier, they may be observed as a very strong feature of certain carbon-rich evolved objects but be entirely absent in comparable oxygen-rich stars. However, detecting AME around carbon-rich evolved stars is no simple matter, as strong excitation of PAHs requires an ultra-violet radiation field, and in fact the prototypical carbon-rich AGB star, IRC+10216, shows no obvious PAH features (Sloan et al. 2003) nor obvious AME feature (Wendker 1995) . For this reason, PAH features are typically best seen in post-AGB stars or planetary nebulae (Woods et al. 2011; ). In such objects, though, the AME signal may be masked by a high background flux resulting from the high emissivity from hot dust and strong free-free emission from the ionised central cavity. In addition, the intermediate size of this type of source (often marginally resolved by mm-wavelength observatories), together with strong variation in physical conditions across each nebulae, and sometimes strong temporal variations in emission, make the detection and characterization difficult. PAH excitation will be critically dependent on UV radiation field (produced either from the interstellar medium or companion star) which is known to vary substantially in such systems (e.g., McDonald and Zijlstra 2015) .
A single, weak, tentative detection of AME has been made using a combination of Planck and ancillary observations of NGC 40 (Planck Collaboration et al. 2015d ), a nearby carbon-rich planetary nebula (Ramos-Larios et al. 2011) . While dust-producing evolved stars are naturally of interest, the overall formation site of PAHs is still quite controversial: indeed it could be stellar origin, as now described, or either molecular origin (Paradis et al. 2009; Sandstrom et al. 2010) or shattering in grain-grain collisions (Draine 1990 (Draine , 2009 ). We also note that PAH emission has been seen in reflection nebulae excited by cool stars, and this is consistent with theoretical models Li and Draine (2002) . If PAH emission is absent in outflows from regions excited by stars with T eff > 3500 K, then it is because small PAHs are not abundant there. A survey of such stars with a range of effective temperatures would elucidate the role of PAHs for AME.
Last of all, if AME is indeed produced by relatively small interstellar PAHs, a smoking-gun confirmation would be the detection of their line emission, as discussed in Sect. 2.1.3. Testing this hypothesis would require more observations, generalizing those of Ali-Haïmoud et al. (2015) to different environments and lines-of-sight.
Extragalactic AME Studies
Since AME has only been detected in one or two external galaxies, it is vital that we pursue AME in extragalactic sources. It is interesting to note that in our Galaxy, the fraction of AME to total emission at frequencies near ∼ 30 GHz is as much as a half. Thus, one might expect to see a similar Table 5 Expected degrees of polarization for four molecular clouds for which the averaged magnetic field orientations with respect to the lineof-sight, α, are known. As an example the material considered here is magnetic dust of Fe with axial ratios 1:1.25:1.5 and with a polarization efficiency that varies between 0.9 and 1.2 between 10 and 60 GHz. ratio in other galaxies. There is little radio data at frequencies above ∼ 10 GHz, nevertheless, AME does not appear to be this strong in extragalactic sources. For instance, Murphy et al. (2012) observed 103 galaxy nuclei and extranuclear star-forming complexes taken with the GBT as part of the Star Formation in Radio Survey (SFRS). Among the 53 sources also having ancillary far infrared and 1.7 GHz data, ≈10% exhibited radio spectral indices and 33 GHz to IR flux density ratios consistent with that of the source in NGC 6946 showing a strong AME signal. It appears that external starforming galaxies emit less than a few per cent of AME at frequencies ∼ 30 GHz. If the AME intensity (or emissivity) is similar to the levels we believe in our Galaxy, we would expect AME to be a significant contributor to the radio/microwave flux at rest frequencies near 30 GHz. This does not appear to be the case (at least in the few objects that have been studied) and the reason why is not clear. Possibilities include (i) the environment in the Milky Way is conducive for producing strong AME but is relatively rare among star-forming galaxies, (ii) AME is primarily a local phenomenon in the vicinity of the Sun, or (iii) we have significantly over-estimated AME in our own Galaxy (or a combination of these).
If AME is significant in external galaxies, it could have an impact on several important areas of astrophysics. For example, free-free emission has been proposed as a reliable estimator of the star-formation rate (SFR; e.g., Murphy 2009; Murphy et al. 2011 Murphy et al. , 2017 , and 30 GHz has been proposed as the ideal frequency, with it being least contaminated by synchrotron or thermal dust emission. However, this is exactly the frequency at which AME appears to be strongest (at least in our own Galaxy). Not accounting for AME would result in over-estimates of the SFR and could bias SFR estimates for a large sample.
Identifying AME candidate sources based on a coarse sampling of the radio spectrum, even with a large lever arm spanning 1.7, and 33 GHz as was done for the GBT survey of Murphy et al. (2012) , is inconclusive. A much finer (i.e., better than a factor of two) sampling in frequency space, spanning ≈ 3-90 GHz would be ideal to measure the peak for conclusive detections. Consequently, to further investigate the impact on AME studies of star formation both at low and high redshifts, the SFR analysis has been extended to include ≈ 2 resolution (≈ 30-300 pc) JVLA 3, 15, and 33 GHz data of 112 galaxy nuclei and extranuclear star-forming complexes to both better characterize thermal radio fractions at 33 GHz and search for discrete AME candidates in external galaxies. Any robust AME candidates can then be confirmed by more focused follow-up observations at 90 GHz.
A morphological comparison between the JVLA 33 GHz radio, Hα nebular line, and 24 µm warm dust emission shows remarkably tight similarities in their distributions suggesting that each of these emission components are indeed powered by a common source expected to be massive star-forming regions, and that the 33 GHz emission is primarily powered by free-free emission (Murphy et al., 2017a, submitted) . The full multi-frequency spectral analysis to robustly measure thermal fractions and characterize AME will be presented in a future paper (Murphy et al. 2017b, in prep.) . High precision and fidelity data will be essential to obtain AME detections or to place meaningful constraints.
We make a final remark that current observations may already be seeing evidence of AME, but may have been interpreted as something else. A recent example would be the 33 GHz measurements of 22 local luminous galaxies (Barcos-Muñoz et al. 2017) , where some sources showed a remarkably flat (α ≈ 0) flux density spectral index. Although this may be due to self-absorption in the densest regions, it could also be indicating a (small) component of AME. Accurate multi-frequency data, with careful consideration of all contributing components, will be essential for disentangling the radio-microwave spectrum.
We note that AME for more distant, high redshift, sources will be redshifted to lower frequencies. Future high redshift observations with, for example, the SKA at frequencies 20 GHz, may need to take AME into account.
Current and Future Instruments and Surveys
Looking to the future, what new instruments and surveys are needed to make further progress in understanding AME? Future studies will encompass detailed modelling of compact regions of the Galaxy (e.g., PDR, dark clouds, cold cores); observations of large numbers of such regions in order to gather statistics; large-scale surveys of the diffuse emission in the Galaxy; and searches for AME in other galaxies. Continuing to constrain the polarization of AME will be an important, if increasingly difficult, task. Resolving the spatial distribution of the AME on increasingly smaller scales will be limited by the maximum available resolution of the syn-chrotron and free-free templates available for subtracting these contributions. Table 6 summarises some of the main current and planned astronomical facilities and surveys that will be important for AME research. To date, AME studies have relied on radio data from a disparate collection of singledish telescopes and interferometers. Since AME is typically extended and diffuse, in order to make accurate, multifrequency comparisons, the angular content of a map needs to be known, and ideally, contain the complete range of angular scales. For example, single-dish total power instruments typically require switching of the signal against a reference source or other form of high-pass filtering, which can reduce the sky signal on large angular scales. On the other hand, maps made using interferometers are sensitive to specific (and missing the largest) angular scales. Care must therefore be taken when constructing SEDs combining multi-frequency data from different interferometers and single-dish telescopes. It would be advantageous for AME studies if a single future instrument were able to cover the frequencies relevant to the AME itself, as well as synchrotron and free-free. The proposed next-generation VLA (ngVLA) and SKA interferometric arrays are promising in this regard (e.g., , particularly if they can be supplemented with single-dish observations to fill in the missing large-scale information.
The C-Band All-Sky Survey (C-BASS; King et al. 2010 ) is a full-sky 5 GHz survey of intensity and polarization, at an angular resolution of ≈ 45 arcmin. With high sensitivity ( 0.1 mK) and accurate calibration, it will provide a vital data point at 5 GHz. C-BASS data will be important for any component separation and large-scale studies with WMAP/Planck data (e.g., Irfan et al. 2015) .
The Q-U-I JOint ExperimenT (QUIJOTE) is a dedicated CMB and foregrounds experiment, operating at Tenerife (Génova-Santos et al. 2015a) . Although limited to ≈ 1 • resolution, and only northern sky, 12 QUIJOTE has a unique frequency coverage of 11, 13, 17 and 19 GHz, which covers the rising part of the spinning dust spectrum. QUIJOTE is primarily a polarization experiment but retains sensitivity to total-intensity, which is readily detectable at low Galactic latitudes. In combination with C-BASS, WMAP and Planck data, will be a powerful dataset for AME studies.
On small scales, the AMI telescope, is well-suited for studying AME. The AMI small array (AMI-SA) is a compact interferometer operating at 12-18 GHz with sensitivity to angular scales ≈ 2-10 arcmin while the large array (AMI-LA) has a resolution of ≈ 0.5 arcmin. The telescope has recently been upgraded with better receivers and a digital spectral backend (Hickish et al. 2017) , resulting in better dynamic range allowing observa-tions in the presence of bright radio frequency interference (RFI).
The available frequency range, dish size and baseline lengths makes the next-generation ngVLA, the Atacama Large Millimeter Array (ALMA), and the Square Kilometre Array (SKA), suitable for high resolution studies of compact and extended AME regions, but not for large-area surveys. ALMA is a large interferometric array located in Chile that can operate from 30 GHz up to ∼ 1000 GHz and can achieve sub-arcsec angular resolution. The current capability is limited to frequencies above 84 GHz (band 3) while bands 1 (35-50 GHz) and 2 (67-90 GHz) are expected to come online around 2020.
A number of CMB experiments continue to operate from the ground with frequency channels in the tens of GHz. For example, the Cosmology Large Angular Scale Surveyor (CLASS, Essinger-Hileman et al. 2014 ) is focused on CMB (at multipoles 2 150) and foreground characterization in intensity and in polarization. It will map around 70% of the sky from the Cerro Toco in the Atacama Desert (Chile), in frequency bands centred at 40, 90, 150 and 220 GHz with angular resolution 90, 40, 24 and 18 arcmin, respectively.
The CO Mapping Array Pathfinder (COMAP, ) is an intensity mapping experiment aiming to constrain the carbon monoxide (CO) power spectrum from the epoch of reionization, but initially targeting intermediate redshifts of z = 2.4-3.4 with a 19-pixel focal plane array operating at 26-34 GHz. As ancillary science, COMAP will provide maps of extended AME regions with 4 arcmin angular resolution and frequency resolution of around 8 MHz.
It is clear that for all of the above, accurate multifrequency data are critical. However in order to be useful, the data need to be well-calibrated in terms of amplitude scale and quantification of the telescope beam. The use of existing large-scale radio maps, such as the Haslam 408 MHz (Haslam et al. 1982; Remazeilles et al. 2015) , Reich 1.4 GHz (Reich and Reich 1986; Reich et al. 2001 ) and HartRAO 2.3 GHz maps (Jonas et al. 1998 ) can be problematic. These surveys were made using general-purpose large radio telescopes that have relatively low beam efficiencies (i.e., the integrated sidelobe response represents a significant fraction of the response compared to the main beam). This means that the amplitude scale varies as a function of angular scale, often by tens of per cent (see Du et al. 2016 , for a discussion). For example, the full-beam to main-beam conversion factor for the Reich 1.4 GHz map is as much as a factor of 1.55. Correcting for this afterwards is not trivial. New data, such as C-BASS, should improve on this situation with improved calibration and knowledge of the full beam.
Since AME is dust-correlated, the availability of infrared observations plays a critical role in AME studies. Allsky surveys from IRAS/IRIS and WISE are complemented by large-area surveys and observations of compact regions using the Spitzer Space Telescope. The AKARI satellite (Ishihara et al. 2010 ) made an all-sky survey with the 9 µm filter, which covers the entire PAH emission bands in the mid-IR, i.e., the bands at 6.2, 7.7, 8.6, and 11.3 µm, while the 12 µm band of IRAS and WISE do not completely cover the strong 6.2 and 7.7 µm bands and may suffer contribution from warm dust emission. Since the 6.2 and 7.7 µm bands (and the weaker 8.6 µm band) are thought to arise from ionized PAHs, and thus the 11 µm band comes from neutral PAHs, the correlation of AME with AKARI 9 µm could potentially be a better test for the spinning dust model, in which ionized PAHs contribute more significantly than neutral. However, the latest analysis of the correlation of AME with the AKARI 9 µm data do not show better correlation than with the far-IR emission (Bell et al., in prep.) in agreement with previous analyses with IRAS and WISE data Planck Collaboration et al. 2016d) .
There is currently no active mid-far infra-red space telescope capability, although the airborne Sofia observatory is available. The launch of the James Webb Telescope (currently scheduled for Oct 2018) will provide space-based mid-infrared (5-28 µm) imaging and spectroscopic capability at sub-arcsec resolution, supporting detailed modelling of compact regions, but studies of larger areas will rely on existing data from IRAS/IRIS, Spitzer and WISE for the foreseeable future.
Laboratory studies
Laboratory studies are needed to help constrain the magnetic relaxation of small grains, which is one of the key problems relating to alignment of spinning dust grains (Lazarian and Draine 2000) . Measurements of the spin-lattice relaxation time will test theoretical models of both paramagnetic relaxation, which aligns a grain with an external magnetic field, and the alignment of the angular momentum vector with the principal axes of a wobbling grain.
For a spin to flip in a rotating grain, it is necessary for the total energy in lattice vibrations to change byhω. Because the density of states is finite, it may not be possible for the lattice vibrations to absorb such energy. Indeed, the minimal bending mode frequency for grains smaller than 10 −7 cm can be estimated to be orders of magnitude larger than kT /h. According to Lazarian and Draine (2000) this does not mean that the spin relaxation time becomes infinite. To show this the authors considered the Raman scattering of phonons process (see Waller 1932; Pake 1962) where the change of the spin happens due to the scattering of phonons with energies much larger thanhω.
The calculations in Lazarian and Draine (2000) using the accepted approaches (see Al'tshuler and Kozyrev 1964) provided the spin-lattice relaxation rates for the PAHs that may interfere with the resonance paramagnetic relaxation of smallest grains and can also affect the internal Barnett relaxation of energy within these particles. However, the Waller theory is known to overestimate the spin-lattice relaxation time by many orders of magnitude. Therefore, reliable estimates of the spin-lattice relaxation should be obtained through the laboratory studies of the magnetic response of suspended nano-particles.
Even more straightforward laboratory studies are required to test the expected magneto-dipole emission of magnetic grains as suggested in Lazarian and Draine (2000) and Draine and Hensley (2013) . The two studies used different magnetic response expressions and none of the expressions seem to fit well to the limited available experimental data. Therefore it is important to do the corresponding laboratory studies in order to establish the magnetic response of the candidate materials at AME frequencies. For large grains the studies of the magnetic response of the bulk samples are adequate. Such studies can carried out using existing laboratory equipment.
Next Steps for AME Modelling
As reviewed in Sect. 2, theoretical models of spinning dust emission are quite detailed in their consideration of various effects, which determine the rotational velocities and consequent microwave emission of ultrasmall interstellar grains. However, theoretical modelling faces two primary hurdles. First is that the identity of the AME carrier, and thus its material properties, are unknown. Second is that, even with perfect knowledge of the grain physics, predicting the emission from a particular interstellar environment is challenging due to the number of poorly constrained or completely unconstrained environmental parameters, such as the grain size distribution or the radiation spectrum and intensity. We address each of these hurdles in turn in this section.
Detailed calculations of rotational emission from a population of spinning grains require knowledge of: (1) the composition of the nanoparticles; (2) the distribution of sizes and shapes; (3) the electric (and perhaps magnetic) dipole moments of these particles; (4) the orientation of the dipole moment relative to the principal axes of the moment-ofinertia tensor of each particle; (5) the optical properties of the particles for absorption of optical-UV photons, and subsequent emission of infrared photons; (6) the vibrational mode spectrum of the particles, which determines the specific heat and the "temperature" of the particle as a function of internal energy; (7) the frequency-dependent magnetic polarizability of the nanoparticles, which will determine the importance of the Barnett effect, paramagnetic dissipation and "Barnett relaxation" (Purcell 1979; ; (8) the photoelectric emission properties and (9) electron capture cross sections of the nanoparticles, which affect their electric charge; and (10) the spin-lattice relaxation times, which affect the rotational dynamics and alignment of grains. All of these physical properties are uncertain, and current theoretical modelling is based on assumptions whose validity is not always clear. Progress on these fundamental issues will be based on a combination of laboratory experiments and improved theoretical modelling of the structure of the particles, based on density functional theory, etc.
Even with perfect knowledge of the above properties, an a priori prediction of an AME spectrum of a specific interstellar region would be daunting due to the sensitivity of the calculations to various environmental parameters, which are typically poorly constrained. In light of this, future theoretical efforts should be directed toward what observational predictions can be made irrespective of these modelling uncertainties. A simple example is that the spinning dust emissivity per H atom should decrease in very high density gas where ultrasmall grains are expected to be depleted due to coagulation. Future observational efforts will be directed toward understanding systematic changes of the AME spectrum (e.g., emissivity per H atom, peak frequency, frequency width, shape) with environment. Assessing the magnitude of these changes in various idealized environments and identifying the environmental parameters inducing the largest changes will be invaluable in both selecting observational targets and for interpreting the data.
One step in this direction is continued development of the SPDUST code. In particular, porting the code to a language more amenable to integration in large simulations (e.g., Python, C, Fortran) than its native IDL would enable detailed exploration of the high-dimensional parameter space in which current models lie. Integration of such a code with models of interstellar clouds, as pioneered by Ysard et al. (2011) , could identify generic predictions of spinning dust theory robust to variations in the grain properties or the specifics of the local interstellar environment.
In addition to improving the modelling of spinning dust emission and articulating generic observational predictions of how the AME spectrum should vary, theoretical efforts should also be directed toward connecting the AME to observational probes at other wavelengths. In particular, an abundance of AME carriers may have observable impact on the UV extinction, photoelectric heating, diffuse interstellar bands (see Bernstein et al. 2015) , and/or MIR emission. Self consistent modelling of the AME and these phenomena may yield feasible observational tests of AME models, particularly the identity of the AME carrier(s).
Finally, while the hypothesis that the AME is predominantly rotational emission from rapidly-spinning nanoparticles is favoured at this time, the possibility remains that the AME is "thermal" emission from the "big" grains that dominate the grain mass, with the spectrum due to unusual frequency dependence of the material opacity (from either electric dipole or magnetic dipole absorption). Laboratory studies of magnetic absorption in candidate magnetic mate-rials (e.g., metallic iron, magnetite, maghemite) are feasible and will be able to tell us whether currently-favoured phenomenological models based on the Gilbert equation (see Draine and Hensley 2013 ) provide a good approximation to the actual magnetization dynamics. Laboratory studies on candidate amorphous materials at low temperatures can test whether any plausible materials exhibit a strong opacity peak in the 20-40 GHz region, possibly arising from conformational changes, as suggested by Jones (2009) .
6 Concluding remarks AME has become an important topic in astrophysics, both as a foreground for CMB observations and as a new component of the ISM. A strong, FIR-correlated component of emission has been detected at frequencies ∼ 10-100 GHz, which cannot be easily explained by CMB, synchrotron, free-free or thermal dust radiation. The lack of significant AME polarization appears to rule out magnetic dipole emission as the main source. The most favoured explanation is electric dipole radiation from tiny spinning dust grains. The underlying theory of spinning dust emission is well known, even if the detailed physics is not fully understood. There are at least two clear examples of high S/N detections, from the Perseus and ρ Ophiuchus molecular clouds, where the data are easily explained by a simple model of spinning dust emission.
Nevertheless, the picture is still far from settled on a number of aspects. There is a dearth of detections on very small angular scales; attempts to detect AME from compact Galactic objects (e.g., HII regions) has resulted in no clear detections. Indeed, in nearly all cases, AME is observed to have a diffuse morphology. The lack of correlation with PAHs appears to rule out PAHs as the main carriers of AME, at least along some sight-lines, even though theory would suggest that PAHs (being even smaller than the small dust "grains") are sufficiently numerous and spinning rapidly enough to naturally produce the majority of spinning dust emission, given a suitable electric dipole moment. On the other hand, the lack of AME in dense cores appears to rule out "big" dust grains as the carriers of AME. Therefore, the AME appears to be due to small spinning nano-particles containing an electric dipole moment, but the nature of these nano-particles is still undetermined.
Future AME research should continue on a number of independent fronts, including theory, laboratory measurements, as well as high-fidelity multi-frequency observations. New facilities have the capabilities to observe over a wide frequency range and at high angular resolution. New data should focus on testing specific aspects of the spinning (or magnetic) dust model predictions. AME appears to not be a major limitation as a foreground in CMB temperature measurements. Careful component separation yields results that are not limited by foregrounds. However, CMB polarization data may be impacted. Current upper limits on AME polarization are at the level of ≈ 1 % and this could be non-negligible for future ultra-deep CMB polarization surveys.
